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SYMBOLS J m  ABBREVIATICHS
The a b b rev ia tio n s  th a t  appear in  t h i s  th e s i s  a re  those 
in  common usage. In  a d d it io n , th e  fo llow ing  symbols are  
used;
J  sp in  -  sp in  coupling c o n s ta n t.
r a t i o  of th e  d is ta n c e  moved by th e  
substance to  th e  d is ta n c e  moved by 
th e  so lv en t f r o n t .
In f ra re d  ab so rp tio n  freq u en c ie s  a re  d esc rib ed  as 
s tre tc h in g  ( v ) o r deform ation  modes ( $ ) and th e  r e l a t iv e  
i n t e n s i t i e s  d esc rib ed  as s tro n g  ( s ) ,  medium (m) or weak (w ).
In  keeping w ith  g en e ra l usage, th e  term phosphyl i s  
taken to  embrace phosphonyl, phosphory l, phosph iny l, and 
phosphine o x id es.
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P A H T I  Î
THE EEACTIOH OP o-DIMTROBENZEMB 
WITH TEE7ALBNT PHOSPHORUS OOMPOUKDS
ABSTRACT OF PART I
The occurrence of b im oleoular n u c le o p h ilic  arom atic 
s u b s t i tu t io n  has been e s ta b lish e d  in  th e  r e a c tio n  of 
£ -d in itro b en zen e  w ith  t r i e t h y l  phosph ite  and d ie th y l 
m ethylphosphonite in  a c e to n i t r i l e  so lu t io n . There i s  a f in e  
balance  between th e  customary deoxygenation and n u c le o p h ilic  
s u b s t i tu t io n  of arom atic nitrocom pounds. The ro le  of th e  
£ - n i t r o  group in  f a c i l i t a t i n g  th e  n u c le o p h ilic  s u b s t i tu t io n  
has been d iscu ssed  in  term s of ’HDuilt-in so lv a tio n "  o f the  
r e a c tio n  c e n tre s .
The ex c lu s iv e  fo rm ation  of e th y l n i t r i t e  in  th e  re a c tio n s  
has been shown to  be com patible w ith  th e  d ea lk y la tio n  of a 
quasi-phosphoniura in te rm ed ia te  by n i t r i t e  io n s .
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As a co n tin u a tio n  of th e i r  s tu d ie s  of th e  re a c tio n s  of a lk y l 
p h o sp h ites  w ith  arom atic nitro-com pounds, Cadogan and h is  co- 
workers found a sim ple , o ne-stage  re a c tio n  to  y ie ld  d ie th y l 
£ -n itropheuy lphosphonate  from £ -d in itro b en zen e  and t r i e t l iy l  
phosphite.^® ’ The re a c tio n  was unique in  two re sp e c te s  none of
pthe usual deoxygenation p roducts of nitro-com pounds were observed 
b u t d i r e c t  d isp lacem ent of a  n i t r o  group occurred  to  g ive 
£ -n itro p h en y lp h o sp h o n a tes . B efore th i s  ro u te  was d isco v ered , the  
methods of sy n th e s is  of th e se  compounds e i th e r  f a i l e d  or gave low 
y ie ld s  of p roducts separab le  only w ith  d i f f i c u l t y .
P rev ious Methods of S y n th esis  of D ia lk y l
o-N itrophenylphosphonates
Of th e  e s ta b lis h e d  methods of sy n th e s is , the  method 
in v o lv ing  phosphorus t r ic h lo r id e  and £ -n itro b en zen e  diazonium 
f lu o ro b o ra te  in  th e  p resence  of copper in  anhydrous media f a i l s  
to  g ive  p ro d u c t,^  The d i r e c t  n i t r a t i o n  of phenylphosphonic ac id  
i s  com plicated by the isom eric  m ix tu res o b ta ined . The phosphonyl
group i s  n o t e x c lu s iv e ly  m -d ire c tin g , a lthough t h i s  isom er 
p redom inates. opHitrophenylphosphonio ac id  was re ta in e d  in  th e  
so lu tio n  from th e  n i t r a t i o n  m ix tu re , w hile  th e  m-isomer was 
p r e c ip i ta te d  as i t s  magnesium s a l t ,
G r i f f in  and Obryoki a lso  re p o r te d  f a i lu r e  to  form o - n i t r o -
phenylphosphonic e s te r s  by th e i r  f r e e  r a d ic a l  m o d ific a tio n  of th e
M ichaelis-A rbusov r e a c t io n ,  using  t r i a l k y l  p h o sp h ites  as r a d ic a l
t r a p s  f o r  a ry l r a d ic a ls  gen era ted  by p h o to - in i t ia t io n  from a ry l
i o d i d e s I n  c o n tra s t  to  th e i r  many su c c e ss fu l p re p a ra t io n s ,
£ -n itro io d o b en zen e  y ie ld ed  t a r s  and th e  corresponding  t r i a l k y l
phosphate . This p a r a l l e l s  the  therm al deoxygenations of n i t r o
groups to  form an e le c t ro n -d e f ic ie n t  sp ec ie s  ( n i t r e n e ) ,  a su b je c t
2re c e n tly  review ed by Cadogan.
The f a i l u r e  of th e se  methods of sy n th e s is  h ig h lig h ts  th e  
h igh  y ie ld s  (75^) ob ta ined  by Cadogan, S ea rs , and Sm ith^ of 
d ie th y l  o -n itropheny lphosphonate  by re a c tio n  of t r i e t h y l  phosph ite  
w ith  £ -d in itro b e n z e n e .
F u rth e r  Background to  th e  R eaction  of p -D in itrobenzene 
w ith  Phosphorus N ucleoph iles
The re a c t io n  was extended to  o th e r te rv a le n t  phosphorus 
compounds: e th y l d ip h en y lp h o sp h in ite , d ie th y l  m ethylphosphonite,
t r i i s o p ro p y l  and tr im e th y l p h o sp h ites  to  y ie ld  analogous









The p ro d u cts  were ob ta ined  in  high y ie ld  w ith  l i t t l e  or no 
evidence of th e  u su a l deoxygenation of n i t r o  groups by te rv a le n t  
phosphorus compounds. The r e l a t iv e  r e a c t iv i ty  of th e se  compoundsg 
EtQPPh^ > (EtO)gPMe > (RO)^Pj p a r a l l e l s  th e  o rd er of decreasing  
n u c le o p h i l ic i ty . T r ia lk y l ph o sp h ites  re q u ire d  b o il in g  in  
a c e to n i t r i l e  (8 h o u rs3 80°) to  g ive  th e  product in  80^ y ie ld .  
D ie th y l m ethylphosphonite re q u ire d  more moderate co n d itio n s  (20 
hour83 18°) to  y ie ld  the  phosphinate product (nfo)^ whereas e th y l
diphenylphosphonite re q u ire d  the  a d d itio n  of re ag e n ts  a t  -10° 
b e fo re  being kep t a t  10° fo r  12 hours to  y ie ld  th e  corresponding 
phosphine oxide (65^)»
Other s u b s tra te s  in v e s tig a te d  by Cadogan^ S ears , and Smith 
were 1- n i t r o -23  4 '*d in itrobenzene, which was converted  in to  dim etiiyl 
2 ,4~& initrophenylpho8phonate (73^) and 2 -n itro p y r id in e - l-o x id e  
which y ie ld ed  d ie th y l  2 -pyridylphosphonate (35^)* The c h lo rin e  
atom in  l - c h lo ro -23  4 '^â.initrobenzene was le s s  e a s ily  d isp laced  by 
t r i e t h y l  phosph ite  to  y ie ld  d ie th y l  2,4~& i& itrophenylphosphonate 
( l l ^ )  as was th e  p i- to ly lsu lp h in a te  group from 4 -m e th y l-2 '-n i tro -  
d iphenylsulphone to  g iv e  d ie th y l  £~nitrophenylphosphonate {Q%),
Che r e a c t io n ,  th a t  of o -d in itro b en zen e  and t r i e t h y l  phosph ite  
was shown no t to  be p h o to ca ta ly sed  fo r  form ation  of the  s u b s t i tu ­
t io n  p ro d u c t.
The more r e a c t iv e  phosphines gave t a r s  w ith  th e  n i t r o ­
compounds used so f a r .  Under no circum stances d id  m- or 
p -d in itro b en z en es  y ie ld  s u b s t i tu te d  phosphonates. Deoxygenation 
was observed to be th e  pathway in  th e se  c a se s , to  y ie ld  t a r s .
Other s u b s tra te s  th a t  were in v e s tig a te d  were 2 -n itro p y r id in e , 
4 -n i t ro p y r id in e - l-o x id e , c -ch lo ro n itro b en zen e , and £ - n i t r o -  
benzenediazonium  f lu o ro b o ra te  w ith  t r i e t h y l  p h o sp h ite . Without 
ex cep tio n , th ese  compounds y ie ld ed  no s u b s t i tu t io n  p ro d u c ts .
8The suggested  mechanism to r  t h i s  r e a c tio n  hy Cadogan and 
h is  co-w orkers was a n u c le o p h ilic  arom atic s u b s t i tu t io n  follow ed 
by d e a lk y la tio n  by n i t r i t e  ion  of th e  phosphonium in te rm ed ia te  
Scheme 2 ) .






Such a schemeÇ however5 does no t f i t  a l l  of th e  experim ental 
obs e r va t i ons . Po i n t s  which t e l l  a g a in s t the  scheme a re s -  
( i )  p '-P in itrohenzene was shown not to  undergo a s im ila r  
s u b s t i tu t io n  of one of i t s  n i t r o  g roups, No d e te c ta b le  phosphonat; 
fo rm ation  o ccu rred , b u t only deoxygenation to  y ie ld  ta r r y  re s id u e s .. 
No s u b s t i tu t io n  was observed w ith  o -o h lo ro n itro b en zen e , which, l ik e  
p -d in itro b e n z e n e , has been used as a s u b s tra te  fo r  n u c le o p h ilic  
s u b s t i tu t io n s ,^  A sm all (quantity of s u b s t i tu t io n  product 
however ob ta ined  from 4-m ethyl- 2  ^ - n i trod iphenylsu lphone and 
t r i e t h y l  p h o sp h ite .
was
( i l )  No n itro e th a n e  was formed by the  a t ta c k  of th e  anabident 
n i t r i t e  ion  on th e  phosphonium in te rm e d ia te ,
( i i i )  The d ie th y l  phosphonyl group has th e  same o rder of 
d e a c tiv a tio n  as a n i t r o  g roup ,^  and i t  would have been expected 
th a t  s u b s t i tu t io n  would have occurred  to  y ie ld  a phenylene 
b isphosphonate (Scheme 3 ) ,
P(0)(CMe),




Such fo rm ation  would p a r a l l e l  the  p h o to - in i t ia te d  a ry la tio n  
of t r i a l k y l  p h o sp h ite s , where w ith  £ -d ih a lo g en  s u b s t i tu e n ts ,  
phenylene b isphosphonatas a re  form ed. The la c k  of re a c tio n  was 
a t t r ib u te d  to  th e  la rg e  b lock ing  e f f e c t  of th e  phosphonyl g rouping , 
a lthough t h i s  has to  be compared w ith  G r i f f in  and O brycki’s 
r e a c tio n  where d isp lacem ent of th e  second halogen i s  a c c e le ra te d , 
g iv in g  r i s e  to  d isp lacem ent even in  th e  case of c h lo r in e . However, 
in  th e  p h o to re a c tio n  a r a d ic a l  sp ec ie s  i s  form ed, which has le s s  
s tr in g e n t  s t e r i c  requ irem en ts th an  a s u b s t i tu t io n  a t  th e  arom atic 
r in g .
At t h i s  p o in t ,  where th e  known f a c t s  of th e  n i t r o  d is p la c e ­
ment from £ -d in itro b en z en e  and r e la te d  compounds w ith  te rv a le n t
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phosphorus n u c le o p h ile s  have been review ed, i t  i s  opportune to  
examine n u c le o p h ilic  arom atic s u b s t i tu t io n  as a v e h ic le  fo r  
d e sc rib in g  th e  r e a c t io n ,
N u c leo p h ilic  Aromatic S u b s ti tu t io n
In  n u c le o p h ilic  arom atic s u b s t i tu t io n ,  the  a tta c k in g  sp ec ie s  
i s  an e le c tro n  donor, so th e  r e a c tio n  i s  f a c i l i t a t e d  in  th e  f i r s t  
in s tan ce  by th e  p resence of e le c tro n  withdrawing s u b s t i tu e n ts  in  
the  arom atic r in g .  The most common a c tiv a tin g  group i s  n i t r o ,  
although  s im ila r  a c t iv a t io n  can a lso  be provided in  h e te ro c y c lic  
m olecu les, p a r t i c u la r ly  i f  th e  heteroatom  (n itro g en ) i s  q u a te rn ised  
or e x i s ts  as a 1 -o x id e ,
N itro  groups a c t iv a te  an arom atic r in g  by an e le c tro n  
a t t r a c t in g  a c tio n  made up of two p a r ts  -  an in d u c tiv e  and a meso- 
raeric component. The in d u c tiv e  ( - l )  component w i l l  be g r e a te s t  
a t th e  o rtho  p o s i t io n ,  w hile th e  mesomeric c o n tr ib u tio n  w il l  a c t 
over th e  whole arom atic r in g .  The mesomeric component i s  s tro n g ly  
suppressed  when c o p la n a r ity  of th e  n i t r o  group w ith  th e  r in g  i s  
p reven ted  by bulky neighbouring s u b s t i tu e n ts ,^ ^
The e f f e c t  of s t e r i c  h indrance on the  mesomeric w ithdraw al of
12e le c tro n s  by n i t r o  groups has been w e ll dem onstrated by Kaplan,
The p roducts  of hydride a d d itio n s  to  the  ch lo ro - and d ic h lo r o t r i -
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n i t r o ’benzenes ( l )  and ( 2 ) a re  s u f f i c ie n t ly  lo n g - liv e d  to  allow  
fu r th e r  a d d itio n s  lead in g  to  th e  non~aromatio oyolohexane product 
( 3 ) ,  O ry s ta llo g rap h io  evidence shows th a t  th e  n i t r o  group i s  no 
more than  30^ out of th e  p lane  of th e  henzene r in g  3 th u s  allow ing 
mesomeric in te r a c t io n .
Cl
m







(1) (3) ( 2)
In  t r ic h lo ro tr in i t ro b e n z e n e  ( 4 ) a n i t r o  group i s  d isp la c e d .
O ry s ta llo g rap h io  r e s u l t s  show th a t  the O-N-0 p lane of th e  group i s
a t 76^ to  the benzene r in g ,  i . e .  th e re  i s  zero  or m inim ally zero
reso n an ce . A n i t r o  group i s  now d isp la c e d  in  accordance w ith  the












The le av in g  group i s  g e n e ra lly  a s ta b le  anion and n i t r o  i s  
second only to  f lu o r in e  in  i t s  ex cep tio n a l m o b ility  as a leav ing
8 ,1 3group The r a t e  of s u b s t i tu t io n  of the  halogenonitrobenzenes
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g e n e ra lly  d ec reases  in  the  o rder halogen I  c Br < Cl 
Thus, th e  accep tance of a  n eg a tiv e  charge by th e  carbon to  which 
th e  halogen i s  a t ta c h e d , which f a c i l i t a t e s  th e  ad d itio n  of the 
base to  th e  r in g ,  has a s tro n g e r  e f f e c t  on th e  r e a c t io n  r a te  than  
the  leav in g  tendency of th e  h a lid e  io n , A r e v e r s a l  of t h i s  
o rder has been found on occasions
Photochem ical s u b s t i tu t io n s  of th e  n i t r o  group have been
15observed in  t r in i t ro a ro m a t io s ,  p -n itro p h en y lp h o sp h a te  and
p -n i t r o a n is o le ,^ ^  In  the  l a t t e r  work Ramsey e t  a l , found th a t
p y rid in e  in  d i lu t e  aqueous so lu tio n  gave 1 -a ry l pyrid in ium
n i t r i t e s  when the r e a c tio n  was i r r a d ia te d  vd.th l i g h t  w ith  wave-
17le n g th  >289nm» Johnson and Rees re p o rte d  th a t  l i g h t  a c c e l e r ­
a te s  the  fo rm ation  of 4~ *p iperid inopyrid ine-l-ox ide  from 
4 ~ n itro p y rid in e - l-o x id e  and p ip e r id in e .  Both th e  photochem ical 
and dark  re a c tio n s  a ffo rd ed  th e  same p ro d u c t.
B im oleoular N u c leo p h ilic  Displacem ent
There a re  tlire e  g en e ra l mechanisms of n u c le o p h ilic  s u b s t i tu ­
tio n s  (a) u n im o lecu lar, exem plified  most c le a r ly  by the decom­
p o s it io n  of diazonium  s a l t s ,  (b) one invo lv ing  a benzyne 
in te rm ed ia te  and c ine  s u b s t i tu t io n ,  and (o) a b im oleou lar 
p r o c e s s . S i n c e  l a t e r  in  t h i s  work i t  w il l  be shown th a t  the  
b im oleou lar mechanism o p e ra te s  in  th e  £ ~ d in itro b en zen e /p h o sp h ite
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system j the "benzyne and unimole oui ar mechanisms w i l l  n o t "be 
f u r th e r  d isc u sse d .
The g en e ra l c h a ra c te r  of a b im oleoular n u c le o p h ilic  
arom atic s u b s t i tu t io n  i s  g e n e ra lly  agreed to  be th e  r e v e r s ib le  
fo rm ation  of a te t r a h e d r a l  In term ed ia te^  decom position to  p roducts  
o ccu rrin g  e i th e r  spontaneously  (k^) o r in  a b a se -c a ta ly se d  s tep  
(k^ÿ where t h i s  i s  ap p licab le^  fo r  in s ta n c e  w ith  amine s u b s t i tu ­
t io n )  (Scheme 4 ) «
I t  i s  g e n e ra lly  assumed th a t  l e s s  a c t iv a te d  arom atic 
s u b s tra te s  r e a c t  in  th e  same v/ay? although  th e re  i s  l i t t l e  d i r e c t  
evidence fo r  t h i s .  The te t r a h e d ra l  in te rm e d ia te  lo s e s  a ro m a tic !tv  






carbon atom a t  th e  r e a c t io n  c e n tre  now assumes ap^ h y b r id is a tio n . 
Some resonance s t a b i l i s a t i o n  of th e  in te rm ed ia te  i s  p o s s ib le , and 
t h i s  w i l l  be f a c i l i t a t e d  by th e  p resence of n i t r o  g roups. There 
a re  two l im it in g  co n d itio n s  (Scheme 4 ) • I f  k^ or k .[b a se ]  i s
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g re a te r  than  then  th e  ra te -d e te rm in in g  s te p  i s  th e  fo rm ation  of 
the in te rm e d ia te . I f  on the  o th e r hand fc^  i s  g re a te r  th an  or 
k ^ [b a s e j , th en  t h i s  i s  a measure of the r a t e  of bond ru p tu re  in  the  
s u b s tra te .
The evidence fo r  such a tw o-step  mechanism i s  q u ite  com plete.
The te t r a h e d r a l  in te rm ed ia te  formed i s  analogous to  the  complexes
19f i r s t  d iscovered  by M eisenheim er• These were ob ta ined  by mixing 
a lk o x id es  w ith  polynitro-corapounds and Mei senheimer found th a t  he 
ob ta ined  th e  same s a l t  ( 5 ) e i th e r  by t r e a t in g  s - t r in i t r o a n i s o le  
w ith  potassium  ethox ide or s - t r in i t r o p h e n e to le  w ith  potassium  
m ethoxide. The p roduct of e i th e r  ro u te  was decomposed by ac id  to  
g ive  th e  same m ix tu re  of a n is o le  and p h en e to le . S im ila r adducts 






The fo rm ation  of a d d itio n  compounds has been invoked by Ross 
in  h is  review  to  ex p la in  th e  conductance of m -d in itrobenzene in  
l iq u id  ammonia to  be th a t  of a ty p ic a l  s a l t .  He suggested  t h a t
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an amonium ion and an anion (?) are  form ed, A s im ila r  explana­
t io n  of the o ry o sco p ic a lly  determ ined t  f a c to r  of g re a te r  th an
u n ity  f o r  some arom atic polynitro-oom pounds d is so lv e d  in
14ethanolam ine v/as suggested  to  he due to  th e  fo rm ation  of an 









Evidence fo r  th e  ex is te n c e  of a te t r a h e d r a l  in te rm e d ia te
comes from the  o b se rv a tio n s  of B olton e t  a l 20 p -îîi t r  of lu o r  oh en-
zene in  dry  dimethylformaraide took  up sodium az id e  in  a second 
o rder p ro c e ss . As az ide ion  was consumed, an ab so rp tio n  a t  397nm, 
resem bling th a t  of a p -q u in o id  s t r u c tu re  grew in  in te n s i t y .  No 
f lu o r id e  ion  was r e le a s e d .  On th e  a d d itio n  of w ater th e  absorp­
tio n  a t  397 nm, d isap p eared  w ith  th e  form ation  of p -a z id o n itro b e n -  
zene. These o b se rv a tio n s  a re  c o n s is te n t w ith  the  ex is te n c e  of an 
in te rm ed ia te  ( 9 ) .
The most convincing evidence fo r  a tw o -step  mechanism i s  th a t  
o f observed g e n e ra l base  c a ta ly s is  in  the  a t ta c k  of amines on
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arom atic s u b s t r a te s ,  e i th e r  by th e  amine i t s e l f  or by some added
21a 21bb a se . The re a c t io n  of b u ty l amine and 2 ,4 -d in itro o h lo ro b e n -
zene (DHCB) in  w ater-d ioxan  m ix tures was shown to  fo llo w  th e
complex r a t e  equation  (a )s~
R ate =■ [DNCBJ + ^[BBCB] + kg^[Bumg] [BRCB] [OH] (a)
Both th e  second and th i r d  term s in d ic a te  g en e ra l base c a ta ly s i s ,  
in  th e  second by ano ther m olecule of amine and in  th e  th i r d  by a 
hydroxide io n . Under th e  experim ental co n d itio n s  used , te rm o lecu la r  
c o l l i s io n s  were of low p ro b a b il i ty  and the  observance of th ird -o rd e r  
term s was in d ic a t iv e  of a com bination between the  amine and a ry l  
hydride i n i t i a l l y  to  form an in te rm ed ia te  th a t  had s u f f i c ie n t  h a lf  
l i f e  to  be a tta c k ed  by a second m olecule of base to  g ive  p ro d u c ts .
The tw o-step  p ro cess  has been used to  ex p la in  th e  s im i la r i ty
of r e a c t io n  r a t e s  of p ip e r id in e  w ith  s ix  d i f f e r e n t  1 -s u b s t i tu te d
2 ,4 -d in itro b e n z e n e s  in  m ethanol a t  0^ to  form 2 ,4 -d in itro p h e n y l-  
22p ip e r id in e .  The r a t e s  d i f f e r  by le s s  th an  a f a c to r  of f iv e  fo r  
s u b s t i tu e n ts  in  th e  o rder o f d ec reasin g  r a t e  -SQPh, -B r , -0 1 ,
-SOgPh, -OCgH^NOg, - I ,  The r a t e s  w ith  -F , and -OSO^C^H^,Me-p
were ap p rec iab ly  f a s t e r .  The sm all fa c to r  encompassing th e  r a te s  
was in  accord w ith  a  te t r a h e d ra l  in te rm e d ia te , th e  form ation  of 
which was ra te -d e te rm in in g .
IT
Ortho gp ara  R a tio  of S u b s ti tu t io n  P roducts
The o rthogpara  r a t i o  i s  re le v a n t to  the  d isc u ss io n  of
£“d in itro h en zen e  and te rv a le n t  phosphorus n u c le o p h ile s . The
k
v a r ia t io n  of th e  o r th o sp a ra  r a t i o  in  r a t e  c o n s ta n ts , /k ^ , w ith  
o rtho  and p a ra  d is u b s t i tu te d  benzenes has been w ell e s ta b lish ed * ^ ^  
S u b s ti tu t io n s  in v o lv ing  amines r e a c t  more q u ic k ly  w ith  £ - n i t r o -  
s u b s t i tu te d  benzenes than w ith p - n i t r o s u b s t i tu te d  benzenes, bu t in  
s u b s t i tu t io n s  n o t in v o lv in g  th e  removal of a p ro ton  a t  any s ta g e , 
as w ith  a lk o x id e s , i t  i s  the p - n i t r o s u b s t i tu te d  compound which 
r e a c ts  more r a p id ly .  The r a t i o  /k ^  i s  a lso  so lv en t dependent, 
being h ig h e s t in  a p ro tio  so lv e n ts .
To ex p la in  th e  more ra p id  re a c tio n  of amines w ith  £ - n i t r o -
2"^s u b s t i tu te d  compounds, Chapman e t  a l .  proposed hydrogen bond 
fo rm ation  in  th e  t r a n s i t io n  s ta te  ( lO ). This would n o t be p o ss ib le
- " a•H
00
( lo )  (11 )
fo r  p - s u b s t i tu te d  compounds. With hydrogen bonding some lo s s  of 
mesomerio s t a b i l i s a t i o n  occurs as th e  n l t r o  group i s  no longer
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2Aooplaiiar w ith  th e  arom atic r in g .  Bunnett and Morath have 
suggested  the  in te r a c t io n  of p o s i t iv e  and n eg a tiv e  p o le s  in  the 
t r a n s i t io n  s ta te  ( l l )  fo r  th e  case of o -n i t r o s u h s t i tu te d  benzenes. 
This p ro v id es i t s  own " b u i l t - i n  s o lv a tio n " , th u s  d ec reasin g  th e  
need fo r  p a r t ic ip a t io n  of so lv e n t m olecules. They d id  n o te  th a t  
th e i r  experim ents could n o t allow  them to  dec ide whether th e  
in te r a c t io n  was d i r e c t  e l e c t r o s t a t i c  in te r a c t io n ,  or a m atte r of 
hydrogen bonding.
Ross has prov ided  evidence which p o in ts  towards th e
acceptance of th e  Chapman hydrogen bonding h y p o th e s is . He has
14 kre p o rte d  in  h is  rev iew  ^ the  v alue  of th e  r a t i o  /ic^ w ith  a
t e r t i a r y  amine and o -n itro o h lo ro b en zen e , where in  the t r a n s i t io n
s ta te  th e re  i s  no p o s s ib i l i t y  of hydrogen bond fo rm atio n , bu t
only d i r e c t  e l e c t r o s t a t i c  in te r a c t io n  between neighbouring  p o s i t iv e
n itro g e n  and n eg a tiv e  oxygen atoms. In  benzyl a lco h o l a t  1$0^,
ko
/k ^  fo r  th e  re a c t io n  of t r ie th y le n e  diamine and £ -  and p - n i t r o -  
chlorobenzenes was le s s  than  0,004» Under th e  same re a c tio n  
c o n d itio n s  w ith  d ib u ty lam ine, a secondary amine, where hydrogen
kobonding can now occu r, /k ^  was g re a te r  th an  l6 .
S te r io  E ffe c ts
H u c leo p h ilic  arom atic  s u b s t i tu t io n s  a re  n o t g e n e ra lly  g re a t ly  
su sc e p tib le  to  s t e r i c  in f lu e n c e s  of the  b u lk  of la rg e  groups o rtho
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to  the  s i t e  of s u b s t i tu t io n .
2*5A study  "by Sandin and L isk ear dem onstrated some d e a c tiv a ­
tio n  by o-halogen s u b s t i tu e n ts  which, fo r  th e i r  e le c t ro n ic  
in f lu e n c e  a lo n e , would be a c t iv a t in g .
(1 2 ) (13) (14 )
The in tro d u c tio n  of an iodo atom in to  th e  2 -p o s itio n  ( l3 )  of
l- io d o -4 -n itro h e n zen e  ( l2 )  caused an approxim ate f iv e - fo ld  in c re a se  
in  i t s  r e a c t iv i t y ,  due to  th e  in d u c tiv e  ( - l )  e f f e c t ,  towards 
p ip e r id in e  in  b o il in g  benzene. The s u b s t i tu t io n  of a second io d in e  
atom in to  the  6 -p o s itio n  ( 1 4 ) caused a s ix - fo ld  decrease  in  
r e a c t iv i t y .  I f  th e  same degree of r e a c t iv i ty  was c a r r ie d  over to  
3 ,4 )5 - tr i io d o - l-n i tro b e n z e n e  ( 1 4 ) by th e  in d u c tiv e  e f f e c t  of th e  
second io d in e  atom, then th e  decreased  r a t e  of r e a c t io n  i s  due to  
th e  b u lk  of th e  s u b s t i tu e n ts .
G reater s t e r io  in te r a c t io n  has been dem onstrated by F ie ren s  
e t  a l* ^ ^ in  th e i r  r a t e  d e te rm in a tio n s  of io d id e  io n  s u b s t i tu t io n  
w ith  6 -a lk y l- l-b ro m o -2 ,4 -d in itro b e n ze n e s  ( 1 5 ) .  T heir r e s u l t s  
showed th a t  w ith  th e  s e t  of s u b s t i tu te d  compounds ( 15 ) w ith
20
i  *bR -  Mej E tj Pr , aiid Bu 9 a stro n g  d e c e le ra tin g  s te r io  e f f e c t  was 
only shown by th e  t - b u ty l  s u b s t i tu te d  compound.
Br
HO,
S te r ic  h indrance of th e  a tta c k in g  n u c leo p h ile  has a lso  been
dem onstrated  fo r  bulky r e a c ta n ts  by a neighbouring  methyl group
A d im inu tion  of r a t e  was caused by th e  s u b s t i tu t io n  of a m ethyl
group in to  th e  6- p o s i t io n  of l - c h lo r o - 2 , 4~ d in itrobenzene in  th e
re a c tio n  w ith  methoxide io n 9 a n i l in e ç and p ip e r id in e . The
1 1 1red u c tio n s  in  r a t e  were and r e s p e c t iv e ly .  I t  would
be expected th a t  a s l ig h t  decrease  in  r a te  would r e s u l t  from the  
in d u c tiv e  e f f e c t  (+ l)  of th e  methyl group and t h i s  i s  seen w ith  
a n i l in e  and methoxide io n . With p ip e r id in e  a very  much la rg e r  
re d u c tio n  o c c u rs9 r e s u l t in g  from e f f e c t iv e  s t e r i c  in h ib i t io n .
27Brady and Cropper re p o rte d  th a t  the  r e a c tio n  of a number of 
a lk y l amine 8 and d i  alky  lam ines w ith  l-c h lo ro < ^ 4~ d in itrobenzene gave 
r a t e  co n s ta n ts  which were n o t d i r e c t ly  r e la te d  to  th e i r  b a s ic  
s tr e n g th . For in s ta n c e 9 dim ethylam ine had a r a te  c o e f f ic ie n t  
3O9OOO tim es th a t  of d iisopropylam inop in  s p i te  of th e  l a t t e r  being
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a s tro n g e r  b a se . These au th o rs  c o r re la te d  t h e i r  work w ith  s tro n g  
s t e r i c  e f f e c ts  r e s u l t in g  from f ro n t- s id e  in te r fe re n c e  by allcyl 
groups branching  from th e  n itro g e n  atom or th e  ad jacen t carbon atoms.
Evidence fo r  th e  la c k  of s t e r i c  in te r a c t io n  w ith  neighbouring
28n i t r o  group comes from th e  in v e s t ig a t io n s  of P ie t r a  and Del Cima 
of p ip e r id in e  9 2-m e th y lp ip e r id in e 9 and tr a n s  256-d im ethy lp iperid inG  
w ith  and p -n itro flu o ro b en z en e s  and 29 4-d in itro f lu o ro b e n z e n e ,
They ob ta ined  s im ila r  amine r a t e  r a t i o s  w ith  each s u b s tra te  and an 
alm ost co n s tan t o r th o sp a ra  a c t iv a t io n  r a t i o  upon changing the  
n u c le o p h ile . They in te rp r e te d  th e se  r e s u l t s  as p o in tin g  to  evidence 
of a te t r a h e d ra l  t r a n s i t i o n  s ta te  in  which s te r io  in h ib i t io n  of 
resonance of o ^ n itro  group was n o t pronounced. In  such a t r a n s i t io n  
s t a t e 9 r e p u ls iv e  in te r a c t io n  invo lv ing  th e  £ - n i t r o  group and th e  
leav in g  group could be m inim ised by the  form er in s e r t in g  i t s e l f  
between th e  e n te r in g  and leav in g  groups 5 c o p la n a r ity  or near 
c o p la n a r ity  being th u s  ob ta ined  w ith th e  benzene r in g .  The la rg e  
drop in  r a t e  caused by th e  in tro d u c tio n  of a 2-  or 6-m ethyl group 
in to  th e  p ip e r id in e  reag en t was due to  s t e r io  com pression of th e  
amine m olecule a g a in s t th e  benzene carbon and hydrogens in  th e  
t r a n s i t io n  s t a t e ,
D u c leo p h ilic  Aromatic S u b s ti tu t io n s  of p ^D in itrobenzene
29S u b s ti tu t io n s  have been re p o r te d  by Laubenheimer ' and
22
30S te g e r. The l a t t e r  was a k in e t ic  in v e s t ig a t io n  w ith  a lk o x id e /
k
a lco h o l n u c leo p h ile  and y ie ld ed  a %  r a t i o  of 0.11 a t  35^ fo r  
£ -  and p -d in itro h e n z e n e s . Laubenheimer found th a t  a lc o h o lic  
ammonia a t  110-120^ qu ick ly  converted  £“d in itro b en zen e  in to  £ ~ n itro  
a n i l in e 9 b u t th e  p -d in itro b en zen e  re q u ire d  tem pera tu res above 15O 
to  s u b s t i tu te  e i th e r  an amino group or an alkoxyl group from th e  
s o lv e n t ,
o
Programme of R esearch
Gadogan? S e a rs 5 and Smith have extended th e  o r ig in a l  r e a c t io n  
of o -d in itro b en zen e  and t r i e t i i y l  phosph ite  to  in c lu d e  (a) o th e r 
s u b s t ra te s  which a re  capable of undergoing n u c le o p h il ic  arom atic 
s u b s t i tu t io n 9 and (b) o th e r  phosphorus n u c le o p h ile s . A mechanism 
invo lv ing  n u c le o p h il ic  arom atic s u b s t i tu t io n  was proposed fo r  th ese  
r e a c t io n s  9 bu t th e re  a re  th re e  p ie ce s  of experim ental evidence 
which do not f i t  sim ply in to  th e  proposed re a c t io n  scheme.
The f a i lu r e  of £ -ch lo ro n itro b en zen e  and £ -d in itro b en z en e  to  
a c t  as s u b s tra te s  p o in ts  a g a in s t such a scheme as does th e  la ck  of 
f u r th e r  s u b s t i tu t io n  of the  d ia lk y l  £ -n itropheny lphosphonate  p ro d u c t9 
where the d ia lk y l  phosphonyl group i s  as d e a c tiv a tin g  towards 
e l e c t r o p h i l ic  a t ta c k ^  on the  arom atic r in g  as i s  a n i t r o  group.
Since th e  n i t r i t e  ion i s  ambident in  n a tu re , th e  la ck  of
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form ation  of n itro e th a n e  in  th e  d e a lk y la tio n  of the proposed 
quasi-phosphonium  in te rm e d ia te  was unexpected ,
The aim of the  p re se n t work was to  e s ta b l i s h  the g e n e ra l i ty  
of th e  £ -d in itro b e n z e n e / te rv a le n t phosphorus reag en t r e a c t io n  as an 
arom atic n u c le o p h il ic  s u b s t i tu t io n  by a k in e t ic  s tu d y , A more 
d e ta i le d  in v e s t ig a t io n  of th e  s t a b i l i t y  of th e  p roducts  e th y l 
n i t r i t e  and d ia llq r l £ -n itrophenyIphosphonate  to  the  te rv a le n t  
phosphorus compound was a lso  n ec e ssa ry . The ex c lu s iv e  form ation  
of e th y l n i t r i t e  had to  be examined more c lo se ly  by studying  th e  
d ea lk y l a t i  on of a q u a s i-phosphonium n i t r i t e  p repared  in  s i t u .
EXPERIMMm
In fra re d  Speotrosoopy
L iqu id  samples were examined as th in  film s?  s o lid s  as n u jo l 
m u lls . S p ec tra  were u su a lly  recorded  on a Perkin-B lm er Model 257 
sp ec tro p h o to m eter.
U ltr a v io le t  Spectroscopy
A matched p a i r  of 1 cm, s i l i c a  c e l l s  was used in  Unicam 
S .P .800  ( q u a l i t a t iv e  work) and Unicam S .P ,500 S e r ie s  2 (q u a n ti ta ­
t iv e  work) spec tropho tom eters.
S o lven ts
A c e to n itr i le  (h .p .  80-81°)? h e n z o n itr i le  (b .p , 66° / l 8 mm.)? 
and m ethylene c h lo rid e  (b .p .  44°) were d r ie d  by re f lu x in g  over 
phosphorus pen tox ide and s to re d  over m olecu lar s ie v e . D ie th y l 
e th e r  ( 'e t h e r ' )  was d r ie d  by re f lu x in g  over calcium  hydride and th e  
d i s t i l l a t e  s to red  over sodium. Dimethylformaraide was d r ie d  by
stand ing  over calcium  hydride fo r  th re e  days? fo llow ed by 
f i l t r a t i o n  and d i s t i l l a t i o n .
Reagents
£ -D in itrobenzene was c r y s ta l l i s e d  tw ice from eth an o l to  g ive
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p a le  yellow  need les?  m ,p, I l6 - l l6 ,5 ° »  F luorene was c r y s ta l l i s e d  
from th e  same so lv en t to  g ive  w hite needles? m .p, 114°. D ibu ty l 
(b .p . 135-136°/0 ,09 mm.) and dim ethyl (b .p . 90° / 0 .0 5  mm.) p h th a la te s  
were d r ie d  over d r ie r x te  and f ra c t io n a te d  to  g ive  g . l . o .  pure 
f r a c t io n s .
T r ie th y l (b .p . 59~6l°/23 mm.)? tr im e th y l (b .p .  53°/T3 mm.) and 
t r i i s o p ro p y l  (b .p ,  63~64° / l l  mm.) p h o sp h ites  were d r ie d  over sodium 
w ire and f ra c t io n a te d  under n i tro g e n . D ie th y l m ethyIphosphonite 
was su p p lied  by O.D.E.E. P o rton  Down ? and was used w ithou t f u r th e r  
p u r i f i c a t io n .
N itro e th a n e  (b .p .  114°) was d r ie d  over magnesium su lp h a te  and 
f ra c t io n a te d  tw ice to  g ive  a g . l . o .  pure f r a c t io n .  Amyl n i t r i t e  
was p repared  by th e  method of Vogel and a sample donated by Dr. 
J .T . Sharp. A sample of e th y l n i t r i t e  was donated by D r. M .J.P . 
H arger.
D ie th y l ethylphosphonate (b .p . 76~80°/l8  mm.) v/as p repared  by
the Arbusov re a c tio n  between e th y l io d id e  and t r i e t h y l  p h o sp h ite .
32Kornblum’s method was used to  p rep are  s i lv e r  n i t r i t e  and the 
yellow  p roduct was d r ie d  under h igh vacuum over sodium hydroxide 
p e l l e t s  u n t i l  th e  in f ra re d  spectrum  showed an absence of hydroxyl 
s tr e tc h in g  f re q u e n c ie s .
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Measurement of Rates
Rates were measured in acetonitrile solvent in sealed pyrex 
tubes. The tubes were soaked in chromic acid, washed thoroughly 
and dried at 110° for several days before use. Solutions of known 
concentrations of ^-dinitrobenzene? phosphorus compound and internal 
marker (see below) were made up and 1 ml, of each pipetted into a 
test-tube. This was immediately cooled in a card-ice acetone bath? 
while being flushed out with nitrogen, and sealed. The tubes were 
kept in dry-ioe until required for use. They were incubated in a 
constant temperature oil bath (i 0 ,05°) for runs 40-90° and in a 
water bath (h 0.01°) for runs less than 40°, At known intervals 
of time, the tubes were quenched in dry-ice slush and analysed by 
gas-liquid chromatography,
A Griffin and George D,6 chromatograph was employed vâth 
2 m, X 5 Gim. i.d, packed columns and oxygen-free nitrogen as the 
carrier gas. The column packing was 2^ neopentyl glycol succinate 
on 80-100 mesh Chromsorb W (abbreviated to 2^ N PG s) operated at 
176° with a flow rate of 50-60 ml,/min.
The mole fo of each component was calculated from the area of 
the peak since the D ,6 chromatograph employs a gas-density balance 
detector. The area of the peak is related to the number of moles 
of compound injected as follows (equation b)s-
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il - no, of moles injected
m - molecular weight of carrier gas
A » area of peak
M = molecular weight of compound
k = a constant dependent of the charac­teristics of the chromatograph.
If an unreactive internal marker is weighted into the reaction 
mixture, then there exists the relation from (h) of (o)s-
\
îfg “ K  (%  -  “ ) (O)
where subscript 's* and 'p' denote internal marker and product 
respectively. Areas were calculated by the "half width method".
The area is equal to the product of the maximum height and the 
width at half this height measured from the outer edge of one side 
of the peak to the inner edge of the other.
A number of different internal markers were used depending on 
the circumstances. Initially dibutyl phthalate was used for follow­
ing the formation of diethyl jo-ni tropheny Ipho sphonat e? as the two 
had well-separated peaks. Diisopropyl o-nitrophenylphosphonate and 
ethyl £ - ni'trophenylmethylphosphinate formed overlapping peaks with 
dibutyl phthalate. For the former, fluorene was used as internal
2 8
marker? while for the latter dimethyl phthalate was used.
Bach tube was analysed three times? the tubes being kept at 
-20° in between analyses. Each run at a particular temperature 
consisted of 6-10 tubes. Rates were measured by following the rate 
of formation of product? the reaction being allowed to go as far as 
20% formation of product; above this point deviations from straight 
-line plots were observed (see Discussion), Rate constants were 
determined graphically using the integrated second-order rate 
equation with varying initial concentrations of reactants. Good 
straight lines were realised. Values of the energy of activation 
were determined from an Arrhenius Plot of rate constants determined 
at five different temperatures. Values of the entropy of activa­
tion were calculated by the equation of Sohaleger and Long (d)?~
kg -  elc/h.T.exp (AS/R'^),exp (-E^^^/rt) (d)
kg = second-order rate constant
eK-jr = a composite constant for reactions insolution of value 5*665 x 10^10 ^ egT^ secT^
T = absolute temperature
R - gas constant.
Product Analysis
A preliminary investigation confirmed the "cleanness" of the
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r e a c tio n  of t r i e t h y l  p h osph ite  and o -d in itro b en zen e  in  a c e t o n i t r i l e . 
A k in e t ic  run w ith  a 2 0 -fo ld  excess of t r i e t h y l  phosph ite  e x h ib ite d  
p s e u d o - f i r s t  o rd er k in e t ic s  w ith  re s p e c t to  £~ d in itrobenzene a t  78° . 
A nalysis of th e  reacb io n  m ix tures of £ -d in itro b en z en e  w ith  t r i e t h y l  
p hosph ite  and d ie th y l  m ethyIphosphonite by g . l . o .  (Pye IO4 chromato­
g raph , flam e io n iz a t io n  d e te c to r )  showed only two peaks a t t r ib u ta b le  
to th e  r e a c ta n t  and p ro d u c t. In b o th  oases some o x id a tio n  of th e  
te rv a le n t  phosphorus compound occurred  and in  th e  case o f t r i e t h y l  
phosphite? an upper l im i t  of 25^ t r i e t i iy l  phosphate was es tim ated  
fo r  com plete r e a c tio n  of £ -d in itro b en zen e  (Table I ) .
One m l, samples of an a c e to n i t r i l e  so lu t io n  of o -d in itro b e n ­
zene and t r i e t h y l  p h o sp h ite  (mole r a t i o  1 : 1 . 9 3 ) w ith  hexametlfylben- 
zene as marker were se a led  in  pyrex te s t - tu b e s  and incubated  a t  86° 
fo r  known p e rio d s  of tim e.
The tube co n te n ts  were analysed using the  Pye 104 chromato­
graph? 2% NPGS column a t  l l 8° . The a rea s  were measured by a Kent 
Ohromalog S e r ie s  I  d i g i t a l  in te g ra to r  and th e  head response was 
c a l ib r a te d  w ith  m ix tu res of t r i e t h y l  phosphate and hexemethylbenzene 
of Icnown mole r a t i o  (Table I ) ,  The q u a n tity  of t r i e t h y l  phosphate 
o r ig in a l ly  p re se n t in  th e  sample of t r i e t h y l  phosph ite  was d e te r ­
mined by th e  same techn ique and i t s  v a lue  su b tra c te d  from th e  
measured re a c t io n  q u a n t i t i e s .
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TABLE 12 Form ation of T r ie th y l phosphate during  th e  R eaction 
of £ -D in itrohenzene  w ith  T r ie th y l phosph ite  in  
A c e to n i t r i le
No, of hours hea ted  ..................... 1 2  3 6^
Form ation of phosphate 15 17 23 25 25
In a c o n tro l experim ent? samples of a s tan d ard  so lu tio n  of 
t r i e t h y l  phosph ite  and hexam a th y lb  en z en e were heated  fo r  comparable 
tim es a t  114° and th e  peak a rea  r a t i o s  measured by g . l . o .  under th e  
p rev io u s co n d itio n s  (Table 2 ) ,
TABLE 2§ Form ation of T r ie th y l phosphate during  Handling and 
H eating of S o lu tio n s  of T r ie th y l phosph ite
No. of hours heated ...................   * ^ 1  l-J- 2 24-
Form ation of phosphate (^ ).......  5 8 15 30 27
I t  was th u s  seen th a t  co n s id erab le  ca re  would have to  be taken 
to m inim ise atm ospheric o x id a tio n  of th e  te rv a le n t  phosphorus com­
pound during  the  tim e th a t  i t  was handled in  weighing and p ip e t t in g  
o p e ra tio n s . O xidation was kep t to  a minimum by working ra p id ly  
and m ain ta in ing  a n itro g e n  atmosphere over th e  s o lu t io n s .
I n te rn a l  Marker S ta b i l i t y
The s t a b i l i t y  of the in te r n a l  m arkers to  te rv a le n t  phosphorus 
compounds in  a c e to n i t r i l e  a t  th e  tem p era tu res  used was checked. 
S o lu tio n s  co n ta in in g  t r i e t h y l  phosph ite  (3.2286 g . in  25 m l .? 1 9 . 4 M) ?
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fluorene (0,3034 in 25 ml.? I .84 M)? and dibutyl phthalate
(2.012 g. in 25 ml.? 7»5 m) in acetonitrile were heated under the
experimental conditions at 8 7.50°. The ratios of the
fluorene§ ester peak areas were measured by the D.6 g.l.o. technique
described? and are tabulated below (Table 3).
TABLE 3g Variation of Fluorene: Bibutyl phthalate Peak Area Ratios with Time
No, of hours _y y^
heated,  0 24- 4 9*^ 4 20 46"%). 92*^ 4
Peak area
ratio  ... 0 .1 3 3 0 .1 2 5 0 .126 0 .1 2 4 0.122 0.127 0.122
The r a t i o s  rem ained se n s ib ly  co n stan t and i t  was concluded th a t  bo th  
flu o ren e  and d ib u ty l p h th a la te  were in e r t  to  t r i e t h y l  phosph ite  
under the  r e a c t io n  c o n d itio n s .
Rate C onstants
The r a t e  of fo rm ation  of th e  p roducts fo llow ed second-order 
k in e tic s ?  being  f i r s t - o r d e r  w ith  re sp e c t to  each r e a c ta n t .
Rate c o n s ta n ts  ( in  d u p lic a te )  ob ta ined  fo r  th e  r e a c tio n s  of 
te rv a le n t  phosphorus compounds w ith  o^d in itrobenzene in  a c e to ­
n i t r i l e  a re  ta b u la te d  below (T ables 4 ? 5 and 6 ) ,
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TÆBIE 4 s R eaction  of T r ia lk y l p h o sp h ite s  w ith
2 -B in itro h en zen e  a t  9 8 . 07°
R in  R,P Conc^ £ -d in i~  
trohenzene
Cone, phosph ite 10^ kg
(moles l7  ) (moles iT^) ( 1 . mole~^minT )
MeO 0 .2 0 0 2 0 .2 0 0 7 2.75
MeO 0 .1 9 9 9 0.2007 2 .7 2
s to 0 .2 0 0 2 0 .2005 1 2 .1
Pr^O 0 .2001 0 .2017 2 7 .6
Pr^O 0 .2 0 0 2 0 .2017 2 7 .0
TABLE 5s R eaction  of T r ie th y l p h osph ite  and ,o-D initrobenzene
Tempera-
tu re
Conc^ £ - d in i -  
trobenzene
Cono. phosph ite 1 0  ^ kg
(moles l7 ^ ) (moles l7  ) ( 1 . mole"^ min. )
57.43° 0 .1 9 9 5 0 .1998 0 .7 5
57.43 0 ,1 9 9 5 0 .1 9 9 8 0 .7 5
6 7 .9 0 0 .2 0 2 1 0 .2 0 1 9 1 .7 5
6 7 .9 0 0 .2 0 2 2 0 .2019 1 .7 8
7 8 .4 2 0 .2 0 1 0 0 .2017 3 .62
7 8 .4 2 0.2021 0 .2017 3 .4 0
8 7 .5 0 0 .2 0 0 5 0 ,1931 5 .9 7
8 7 .5 0 0.2000 0 .3 8 9 0 5 .9 7
9 8 .0 5 0 .2018 0 .2 0 1 7 12.3
9 8 ,0 5 0.2000 0.1023 12.6
33
TABLE 6s R eaction  of D ie th y l m ethylphosphonite v d th  o-D in itrobenzene
Tem perature Gonc^ _o-dini“ Cone!?' phosphonite 10^ kg
   trobenzene
(m oles 1 . ) (moles 1 . ) ( 1 . mole m in. )
1 5 . 30° 0.2002 0 .2 0 0 8 3 .5 1
1 5 .3 0 0.2002 0 .2008 3 .4 4
2 5 .0 0 0.2013 0 .2019 6.88
2 5 .0 0 0.2013 0 .2019 6 .9 5
3 1 .8 4 0 ,2006 0.2006 10.8
3 1 .8 4 0.2006 0 .2 0 0 6 1 0 ,9
4 0 .2 0 0 .2024 0 .2029 21.2
4 0 .2 0 0 .2 0 2 4 0 .2029 21.6
5 0 .1 0 0.2006 0.2001 4 0 .3
5 0 .1 0 0.2002 0 .1016 3 9 .8
Using th e  r a t e  c o n s ta n ts  in  T ables 5 and 6? th e  r e s u l t s  
p rese n ted  in  Tables 7 and 8 were used fo r  A rrhenius p lo ts  to  
determ ine th e  en e rg ie s  of a c t iv a t io n .
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TABLE 7 s V a ria tio n  of Rate Constant v/ith Temperature fo r  o-B in itro -  
benzene and T r ie th y l phosph ite  in  A c e to n itr i le
2 2 % Temp. °C Temp. °A 10^ t“ ^ logglO^ kg
0.75 5 7 .4 330 .4 3.026 - 0.2864
1.75 6 7 .9 3 4 0 .9 2 .933 0 .5596
1 .7 8 6 7 .9 3 4 0 .9 2.933 0 .5 7 6 6
3 .6 2 7 8 .4 3 5 1 .4 2 .8 4 6 1 .2 8 6 5
3 .4 0 7 8 .4 3 5 1 .4 2 .8 4 6 1.2238
5 .9 7 8 7 .5 360.5 2.774 1.7867
12.3 9 8 .1 3 7 1 .1 2 .6 9 5 2 .5096
12.6 9 8 .1 371 .1 2 .6 9 5 2 .5337
TABLE 8s V a ria tio n  of Rate Constant w ith  Temperature f o r  o-Lin;
benzene and D ie th y l m ethylphosphonite in  A c e to n i t r i le
10^ kg Tamp. °C Temp. °A l o 3 %,-! logglO-" kg
3 .5 1 1 5 .3 288.3 3 .4 6 8 1 .2556
3 .44 1 5 .3 288.3 3 .4 6 8 1.2355
6.88 2 5 .0 2 9 8 .0 3 .3 5 6 1 .9 2 8 6
6 .9 5 2 5 .0 2 9 8 .0 3 .3 5 6 1 .9 3 8 7
1 0 .9 31 .8 3 0 4 .8 3 .2 8 0 2.3888
10 .8 3 1 .8 3 0 4 .8 3 . 28.0 2 .3796
21.2 4 0 .2 3 1 3 .2 3 .1 9 3 3 .0 5 4 0
21.6 4 0 .2 313.2 3 .1 9 3 3 .0 7 2 7
4 0 .3 5 0 .1 323 .1 3 .0 9 5 3 .6 9 6 4
3 9 .8 5 0 ,1 323.1 3 .0 9 5 3.6839
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V alues of th e  en e rg ie s  of a c t iv a t io n  and c a lc u la te d  r e s u l t s  
from them are  summarised in  Table
TABLE 9s Experim ental A c tiv a tio n  E nerg ies and C a lcu la ted  
E n tro p ie s  of A c tiv a tio n
o -d in ltro h e n -  
zene and
RgP) t r i e t h y l  
phosph ite
Ba c t Temp,Range
(Kcals* mole""^)
1 6 .0
R^Pj d ie th y l




V alues of k. AS
a t  2 5 .OQ ^ 2 5 .G 0 (e .u .)
0.15 z  10 ^ -3 2 .1
6.93 X 10“  ^ -34.9
e x tra p o la te d .
The r a te  c o n s ta n ts  a re  es tim ated  to  have an accuracy of Î  5^* 
The e r ro r  in  m easuring th e  g ra d ie n t fo r  th e  v a lu e  of E^^^ i s  again  
es tim a ted  to  he 3^* The value  of th e  c a lc u la te d  en tropy  of a c t i v a - 
tionn  AS^5 has a s t a t i s t i c a l  e r ro r  of th e  o rder of t l e . u .
The R eaction  of Dimethyl o-n itrophenyIphosphonate  
w ith  T rim ethyl p h o sp h ite
An a u th e n tic  sample of te tra m e th y l phenylene h isphosphonate  
was p rep ared  hy th e  method of G r i f f in  and Ohryoki.^^
One m l. of s o lu t io n  of f lu o re n e  ( 0 .2831g-) and tr im e th y l phos­
p h ite  ( 0 . 7498g .)  in  a c e to n i t r i l e  (made up to  10 m l.)  and one m l. of 
so lu tio n  of d im ethyl o -n itrophenylphosphonate ( 0 ,6012g.) in
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a c e to n i t r i l e  (lO ml . were sea led  in  a  pyrex te s t- tu b e ?  h ea ted  a t  
87*5°? and analysed  a t  in te r v a ls  by g .loO . under the  p rev io u s ly  
describ ed  c o n d itio n s  » The m olar r a t io  o f  phosphonate sphosph ite  
was ls2 « 3 . Values o f the phosphonate: f lu o re n e  peak a re a  r a t i o  a re  
ta b u la te d  (Table 1 0 ).
TABLE 1 0 s Values of P hosphonatesfluorene Peak Area R atio
Tima ( h r . ) .......................  0 65 137 173 257 336
Phosphonate sflu o ren e
peak a re a  r a t i o   2 .24* 1 .80  1 ,69 1 .79  1.72 1 ,63
( ■^'calculated by w eigh t)
No evidence f o r  the  fo rm ation  o f the phenylene bisphosphonate was 
observed on th e  g . l . o .  t r a c e  fo r  th e se  an lay se s  by com parison o f 
th e  chromatograms w ith  th a t  o f  the  a u th e n tic  sam ple. T rim ethyl 
phosphate was d e tec ted  in  th e  m ix ture by o p e ra tin g  th e  column a t  
90°.
T etram ethyl phenylene hisphosphonate^ an  in te rn a l  m arker 
d ib u ty l p h th a la te?  and tr im e th y l phosph ite  in  a c e to n i t r i l e  were 
heated  a t  86^. A fte r  94 hours? the  r a t io  o f  the  peak a re a s  o f  th e  
hisphosphonatesm arker were th e  same as b e fo re  th e  h ea tin g  had 
commenced.
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S ta b i l i ty  o f  N itro e th an e  and Amyl n i t r i t e  to  
T r ie th y l phosph ite
The concentrations of nitroethane and amyl nitrite were 
followed by u.Vo spectroscopy after incubation (9 8 .07^) under the 
reaction conditions with triethyl phosphite in acetonitrile. Amyl 
nitrite (b.p. 104^) was used in preference to ethyl nitrite (b.p. 
17°) because of its lower volatility.
T rie th y l  phosph ite  and t r i e t h y l  phosphate were shown to  be 
o p t ic a l ly  tra n s p a re n t in  th e  reg io n  265-350 nm. A c e to n i t r i le  
s ta r te d  to  absorb  s tro n g ly  a t  285 nm. and to  show a  maximum a t  
2 7 3 .5  nm. N itro e th an e  (c = 2 .6 2  x 10 moles l7  ) showed a  maximum 
a t  276 nm. ( ~ 2 5 .4 ) i n  a c e to n i t r i l e  c o n ta in in g  t r i e t h y l  phos­
p h ite  ( 0 .0 6  m o le /1 0 0  moles s o lv e n t) .  Amyl n i t r i t e  (c « 2 .7 8  x 
10 ^ moles 1 .^ )  showed th e  c h a r a c te r i s t ic  range o f  ab so rp tio n s  
f o r  n i t r i t e s  over th e  range 340-400  nm.? one o f  th e  maxima b e in g  a t  
334 nm. = 5 8 .4 ) in  a c e to n i t r i l e  c o n ta in in g  t r i e t h y l  phosph ite
(O.O6 moles/1 0 0  moles s o lv e n t) .
S o lu tio n s  in  a c e to n i t r i l e  co n ta in in g  t r i e t h y l  phosph ite  
( 0 .5 1 2 0  go) and n itro e th a n e  (O.O49O g. ) made up to  25 m l. (a b b re v ia ­
ted  to  " n itro e th a n e  re a c tio n " )?  n itro e th a n e  (O.O504 g . ) on ly  made 
up to  25 m l. (ab b rev ia ted  to  "n itro e th a n e  b lank")?  amyl n i t r i t e  
(O.O8 I 3 g . )  and t r i e t h y l  phosph ite  (0.5194 g . ) made up to  25 m l. 
(ab b rev ia ted  to  "amyl n i t r i t e  re a c tio n " )?  and amyl n i t r i t e
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(0-0378 g . )  on ly  made up to  25 m l. (ab b rev ia ted  to "amyl n i t r i t e  
blanlc") were m ain tained  a t  98.07° and th e  absorbance determ ined in  
matched c e l l s  a t  in te r v a ls  o f tim e p a r a l le l in g  th e  r e a c t io n  r a te  
o f  t r i e t h y l  phosph ite  and p_-d in itrobenzene.
The n itro e th a n e  s o lu t io n s  were analysed  d ire c tly ?  w hile th e  
amyl n i t r i t e  so lu t io n s  were d ilu te d  by a f a c to r  o f  f iv e -  The 
v a lu es reco rded  are  ta b u la te d  in  Table 11-
TABLE 11 : Absorbances Recorded for Amyl nitrite and Nitroethanewith Triethyl phosphite in Acetonitrile at 98.07°
Amyl nitrite
Amyl nitrite blank s —
Nitroethane
N itro e th an e  
b la n k : -
Time (m ins. ) 0 51 234 299 360Absorbance 0 .3 1 1 0.281 0 .3 3 2 O.3I 8 0 .3 1 1
Time (m ins. ) 0 51 361Absorbance 0 .298 O.3I 8 0 .3 4 0
Time (m ins. ) 0 64 145 235 300Absorbance 0 .6 7 0 0.628 0 .6 2 0 0 .6 3 4 0.618
Time (m ins•) 0 65 359Absorbance 0 .590 0 .5 9 0 0 .5 9 7
Form ation o f N itro e th an e  as a  R eaction  P roduct
N itro e th a n e  (b .p . 114°) was observed to  l i e  in  th e  so lv e n t 
t a i l  o f  a c e to n i t r i l e  (b .p . 82°)? when sep a ra te d  by g . l . o .  u s in g  a  
2^ NPGS column a t  24° on a  ïVe IO4 chrom atograph. H igher b o i l in g  
so lven ts?  h e n z o n itr i le  and dim ethyl fornamide? were th en  used so
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as no t to  obscure any s e p a ra tio n  o f  th e  n itro e th a n e  on th e  
chromatogram.
In  each so lv en t (25  m l.)?  c -d in itro b e n zen e  (9*2 g .? 55 ni» 
m oles) and t r i e t h y l  phosph ite  ( I I .6  g . ? 70  m .moles) were d isso lv ed  
and hea ted  f o r  8 hours a t  90° (h .M .F ,) and 11 hours a t  90° (benzo- 
n i t r i l e )  under a n itro g e n  atm osphere. In  n e i th e r  case was th e re  
any evidence o f n itro e th a n e  fo rm ation  by com parison o f th e  r e a c t io n  
m ix ture chromatograms w ith  th a t  o f a u th e n tic  n i tro e th a n e . B esides 
the  so lv en t peaks? th e  on ly  o th e r  pealcs observ ab le  were due to  
s t a r t in g  m a te r ia l  and p ro d u c t.
B e a lk y la tio n  o f  T rie thoxy  e th y l phosphonium F luo robora te
Triethyloxonium  f lu o ro b o ra te  was p repared  by th e  method o f  
M eerwein.^^ E p ich lo rh y d rin  (b .p .  118°) and boron t r i f l u o r i d e  
e th e ra te  (b .p .  52 -56°/l8  mm.) were d i s t i l l e d  b e fo re  u se . In  th e  
d i s t i l l a t i o n  o f th e  l a t t e r ?  th e  p recau tio n s  o f  Zw eifel and Brown 
were fo llow ed . T riethyloxonium  f lu o ro b o ra te  was f i l t e r e d  off?  
washed v;ith d ry  e th er?  and d r ie d  by p ass in g  dry  n itro g e n  th rough  i t  
con tained  in  a  dry-box (m .p. 87-88° [sea led  tu b e ]. M eerwein^^ 
rep o rted  92° [dec. ] ) .
T rie thoxy  e th y l phosphonium f lu o ro b o ra te  was prepared  by Bim-
ro th  and Nurrenbac?Fs method. 37 T rie th y l oxonium flu o ro b o ra te
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( l5  g.p 79 m.moles) in  dry  meth;^dene c h lo rid e  (5 0  m l,)  was t r e a te d  
w ith  t r i e t h y l  phosph ite  (1 4 .8  g.g 89 m,molesg 15*5 m l .) .  The 
s o lu t io n  became warm and a f t e r  a llow ing  i t  to  stand  f o r  10 m inutes? 
th e  a d d it io n  o f e th e r  (25O m l.)  p re c ip i ta te d  a  c o lo u rle s s  o il?  
which was sep ara ted  and t r a n s f e r r e d  to  a  100 m l. m u lti-necked  f l a s k . 
N itrogen  was blovm over th e  o il?  w hile i t  was being  m a g n e tica lly  
s t i r r e d  and warmed to  remove th e  so lv e n ts .
b e a lk y la tio n  by n i t r i t e  io n  was perform ed in  two so lv en ts?  
one in v o la t i l e  to  observe th e  v o la t i l e  p ro d u cts  o f  the  r e a c t io n  and 
th e  o th e r  com parative ly  v o l a t i l e  to  observe in v o la t i l e  p ro d u c ts . 
These so lv e n ts  were b e n z o n itr i le  and a c e to n i t r i l e  r e s p e c t iv e ly .
( i )  In  b e n z o n i t r i l e £- T rie thoxy  e th y lphosphonium f lu o ro -
b o ra te  (2I  g . ? 75 m.moles) w ith  s i l v e r  n i t r i t e  ( l2 ,3  g*? 80 m.moles)
were k ep t a t  80° f o r  hours in  b e n z o n i t r i le  (80 m l. ) .  N itrogen
was passed a t  a  slow r a t e  over th e  m ix ture c o l le c t in g  th e  v o l a t i l e
p roducts in  a  co ld  t r a p .  The m ixture was p ro te c te d  from l i g h t  by
wrapping in  aluminium f o i l .
When th e  co n ten ts  o f th e  t r a p  were allow ed to  warm to  room
tem perature? the  co lo u r changed through  a su c cess io n  o f  co lours?
deep blue? l i g h t  blue? and f i n a l l y  g reen  w ith  f a in t  brown fumes
b ein g  evolved . The co lo u r changes a re  s im ila r  to  those d escrib ed
38f o r  th e  behav iou r o f  n i t r i c  oxide under such c ircu m stan ces .
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Vogel has d escrib ed  th e  e v o lu tio n  o f  ox ides o f  n itro g e n  du ring  
th e  r e a c t io n  o f  bromobutane w ith  s i lv e r  n i t r i t e .  I t  i s  th u s  l ik e ly  
th a t  th e  c o lo u r  change i s  due to  th e  presence o f  some n i t r i c  oxide 
trapped  out from th e  r e a c t io n .  The rem aining  l iq u id  was k ep t a t  
-20° f o r  12 hours over m o lecu lar s ieve  and th en  d i s t i l l e d  in to  a  
second r e c e iv e r .  Y ield  3 g .?  40 m.moles? 52^ assuming th e  compound 
i s  e tliy l n i t r i t e .
A nalysis o f  the  r e a c t io n  m ixture by g . l . o .  ( ly e  I 0 4 ? 2fp NPGS? 
24°)  showed sm all amounts o f  v o la t i l e  components? b u t none c o r re s ­
ponding to  n i tro e th a n e . T his was confirm ed by atm ospheric d i s ­
t i l l a t i o n  up to  160°. A few drops only o f  l iq u id  condensed on th e  
therm om eter bulb  and th e se  were shown to  be predom inantly  benzoni­
t r i l e  by i t s  in f ra re d  spectrum  ( vCHU? 224O cm.*”^? compared w ith  an 
a u th e n tic  sam ple). More p a r t ic u la r ly ?  no ab so rp tio n s  were observed 
a t  1372 o r  1555  cm.^ (p o s i t io n  o f n i t ro -a b s o rp t io n  fo r  n i t r o e th a n e ) .
( i i )  In  a c e t o n i t r i l e : -  T riethoxy  e th y l phosphonium f lu o ro -  
b o ra te  (17  g . ? 60 m.moles) and s i l v e r  n i t r i t e  ( l2 .3  g*? 80 m.moles) 
in  a c e to n i t r i l e  (5 0  m l.)  were m aintained  a t  g e n tle  r e f lu x  f o r  3 
hou rs. The v o la t i l e  p ro d u cts  were co lle c te d ?  dried? and d i s t i l l e d  
as above to  g ive 2 g . l iq u id ?  27 m.mole? 459  ^ assuming th e  compound 
i s  e th y l n i t r i t e .
The distilled liquid from both experiments was identified as
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e th y l n i t r i t e  by i t s  b .p .  1 ?° , i t s  id e n t ic a l  and superim posable 
i« r .  spectrum  to th a t  o f  an a u th e n tic  s a m p l e ? a n d  i t s  ch a rac­
t e r i s t i c ?  id e n t ic a l  u .v .  spectrum  in  e t h a n o l ? X  (nm. )359#0; 
3 4 5 . 5 , 3 2 9 . 5 , and 3 1 5 . 5 .
The re a c t io n  m ix tu re  showed only a  sm all g . l . o .  peak due to  
d ie th y l e thy lp h o sp h o n ate . A f te r  removal o f  th e  a c e to n i t r i l e  a t
atm ospheric p ressure? d i s t i l l a t i o n  a t  18 ram. y ie ld ed  a  c o lo u r le s s  
o i l  ( 0 ,6  g .)?  which was shown to  be predom inantly  d ie th y l e th y l-  
phosphonate ( 3 .6  m.moles? 6^) by com parison o f  i t s  i . r #  spectrum  
w ith  th a t  o f  an a u th e n tic  sam ple. D i s t i l l a t i o n  o f th e  re s id u e  
y ie ld ed  no f u r th e r  p ro d u c ts . The i . r .  spectrum  o f  th e  re s id u e  
showed m assive ab so rp tio n s  a t  1200-95^ cmT  ^ as w ell a s  a t  2?940 
and 3,000 cmT^ ( vC-H).
Both n i t r i t e  ion? B=0? and P-0 -  Et show s tro n g  a b so rp tio n
39 -1fre q u en c ies  in  th e  re g io n  1200-950  cm.
The Reaction of Diethyl ethylphosphonate with Silver nitrite in Benzonitrile
D ie th y l ethy lphosphonate (8 .7  g.? 52.5 m .moles) and s i l v e r  
n i t r i t e  (8 .2  g .?  53 m .moles) were kep t in  b e n z o n i t r i le  (5 0  m l.)  a t  
80° fo r  3j- h o u rs . V o la t i le  p roducts were trapped  as b e fo re . At 
th e  end o f  t h i s  time? th e  c o n te n ts  o f  th e  t r a p  ex h ib ite d  th e  co lo u r
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changes d esc rib ed  e a r l i e r  and con tained  e th y l n i t r i t e  ( 0 .4  g»? 
5 .3 5  m.moles? lOJ’^ ) as shovm by comparison o f  i t s  i . r .  and u ,v ,  
sp e c tra  vfith th o se  o f  an  a u th e n tic  sample. The n a tu re  o f  the  
dea lky l a t  io n  p roducts was no t in v e s t ig a te d .
DISOUSSICN
The r e s u l t s  in  th e  experim en ta l se c tio n  p o in t to  the  occur­
rence of n u c le o p h ilic  arom atic  s u b s t i tu t io n  in  the  r e a c t io n s  of 
£ -d in itro b en z en e  w ith  te rv a le n t  phosphorus compounds. The m ajor 
f e a tu re s  o f n u c le o p h ilic  s u b s t i tu t io n  have been d isc u sse d  in  th e  
In tro d u c tio n  to  t h i s  p a r t  of th e  t h e s i s .  The purpose of t h i s  
D iscussion  w i l l  be to  in d ic a te  how the  t i t l e  r e a c t io n  can be 
accommodated w ith  th e se  f e a tu r e s ,
1bThe p re p a ra tiv e  work of Cadogan and h is  co-w orkers showed 
th a t  th o se  s u b s tra te s  which gave good y ie ld s  of s u b s t i tu t io n  
p ro d u c ts  were th o se  co n ta in in g  groups accepted  to  a c t iv a te  n u c leo - 
p h i l i e  s u b s t i tu t io n .
The a l te r n a t iv e  mechanism of e l e c t r o p h i l ic  a t ta c k  a t th e  
arom atic r in g  appears to  have been r e a l i s e d  in  th e  work of Cadogan? 
S ears and S m i t h w h o  ob ta in ed  d ie th y l  ary lphosphonates in  low 
y ie ld  by re f lu x in g  p -a lk y l and p -a lk o x y l n itro b en zen es  w ith 
t r i e t h y l  p h o sp h ite . Among th e  o th e r p roducts  formed by deoxygena­
t io n  of th e  n i t r o  group? th e re  was a lso  3-59^ of n i t r o  group 
d isp lacem en t. The compounds ob ta ined  and t h e i r  y ie ld ?  es tim a ted  
by g . l . o . ?  a re  ta b u la te d  (Table 12) ,
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TABIE 12 s Y ield  o f  A rylphosphonates from Nitro-compounds 
w ith  b o i l in g  T r ie th y l phosph ite
S u b s titu te d  n itro b en z e n e   p~Me p^^ t p^OMe p-OMe
Y ield  o f  phosphonate (5^)....., 5 6 2*5
The mechanism suggested  by th e se  workers in v o lv e s  an i n i t i a l  nucleo ­
p h i l ic  a t ta c k  on th e  oxygen atom o f  the  n i t r o  group c re a t in g  an 
e le c t r o p h i l ic  phosphorus atom. The phosphorus atom i s  th en  f re e  
to  move in to  a  p o s i t io n  such th a t  e le c t r o p h i l ic  a t ta c k  on the  
arom atic r in g  occurs w ith  th e  fo m a tio n  o f  a  four-membered i n t e r ­
m ed ia te . T his in te rm e d ia te  th en  c o lla p se s  to  le ad  to  th e  observed 









M eC -3^^^(0E t),
Me
The fo rm ation  o f  phosphonates by t h i s  mechanism occurred  onl; 
w ith  s u b s t i tu e n ts  which favour e le c t ro p h i l ic  a t ta c k  by h e lp in g  to
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stabilise the positive charge developed on the ring.
I t  i s  s ig n i f ic a n t  th a t  no s u b s t i tu t io n  p roducts were observed 
w ith  p - d i n i t r o b e n z e n e T h e  arom atic r in g  i s  d e a c tiv a te d  w ith  
re sp e c t to  e le c t r o p h i l ic  s u b s t i tu t io n  and no phosphonate product 
was observed in  accord w ith  th e  fo u r-c e n tre  mechanism shown in  
Scheme 5»
% e re  phosphonate fo rm ation  i s  th e  on ly  re a c t io n  occurring? 
th e  e f f e c t iv e  s u b s t i tu e n ts  a re  those which d i r e c t  n u c le o p h ilic  
s u b s t i tu t io n .  E le c tro p h i l ic  mechanisms in v o lv in g  n u c le o p h il ic  
a t ta c k  on n itro -g ro u p  oxygen to  form e le c t r o p h i l ic  phosphorus would 
appear to  be d iscoun ted  in  view o f th e  r in g  d ea c tiv a te d  tow ards 
e l e c t r o p h i l ic  s u b s t i tu t io n  and the  i n a b i l i t y  o f  p -d in itro b en zen e  to  
form any phosphonate p ro d u c ts .
The values of the activation parameters for trietliyl phosphite 
^^act Kcals./mole?aS*^ -32.1 eu) and diethyl methylphosphonite
^^act ^3*0 Kcals./mole? -34*9 eii) with £-dinitrobenzene indicate 
the same rate-determining step for both compounds. The observed 
second-order kinetics? first order in each reactant?' are in agree­
ment with a bimolecular mechanism. The entropies of activation are 
similar? the greater reactivity of dietliyl methylphosphonite being 
due to the lower activation energy 3 Kcals./mole).
The observed value o f  i s  s im ila r  to  th a t  re p o r te d  by
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Aksnes and Alcsnes on th e  Arbusov re a c t io n  between phosphorus
n u c leo p h ile s  and e th y l io d id e  (Table 1 3 ) . They gave v a lu e s  o f
AE^ct 4 .1  K ca ls ./m o le  and 2 .9  K cals/m ole f o r  th e  su ccess iv e
replacem ent o f  ethoxyl group by phenyl from t r i e t h y l  p h o sp h ite ,
42I t  i s  e s ta b lish e d  th a t  th e  Arbusov r e a c t io n  proceeds v ia  a
ra te -d e te rm in in g  i n i t i a l  s te p  o f  a t ta c k  o f  th e  phosphorus nucleo­
p h ile  on th e  a lk y l h a l id e . The s im i la r i ty  in  th e  r e a c t iv i t y  o rd e r
TABLE 132 A c tiv a tio n  P aram eters f o r  Phosphorus N ucleophiles 
w ith  E thy l Io d id e
Phosphorus 10^k_ (60°) E , AS^
----------— — (l.m o le  secT ) (K oalsI/m ole) ( e . u .  60 )
(EtO)^P 0 .1 9  2 1 .0  - 1 9 .4
(EtO)gPPh 1 .6 5  1 6 .9  - 2 7 .4
(EtO)PPhg 2 .4 7  1 4 .0  - 3 5 .4
o f  t r i e t l i y l  phosph ite  and d ie th y l  me th y l pho sphon it e towards e th y l 
io d id e  and p -d in itro b en z en e  in d ic a te s  th e  same ra te -d e te rm in in g  
s te p . N u c leo p h ilic  a t ta c k  by phosphorus y ie ld s  an in te rm e d ia te  
M eisenheiraer-type complex? which re g a in s  a ro m a tic i ty  by e je c t io n  
o f  n i t r i t e  io n  to  form a  quasi-phosphonium  s a l t  (Scheme 6 ) .
The change in  the  en tropy  o f  a c t iv a t io n  fo r  the  two phosphorus 
n u c leo p h ile s  tow ards p -d in itro b en z en e  i s  a lso  s ig n i f ic a n t  when 
compared to  th e  change AA8^ in  th e  r e a c t io n  w ith  e th y l io d id e . 












a o t iv a t io n  w ith  in c re a s in g  ethoxyl s u b s t i tu t io n  as r e f l e c t in g  th e  
degree o f  e le c tro m e ric  (*fM) s t a b i l i s a t i o n  by th e  ethoxyl groups? 
w ith  a  consequent d ecrease  in  the  need f o r  so lv a tio n  o f th e  i n t e r ­
m ediate phosphonium io n . Less o rd erin g  o f the  so lv en t i s  n ecessa ry  ? 
which r e s u l t s  in  a low er a c t iv a t io n  en tropy  (Table 1 3 ).
In  bo th  A ksnes’ in v estig a tio n s^* ^  and th e  p re sen t v/ork a 
common so lven t?  a c e to n i t r i le ?  was used and th e  sm a lle r change in
-Ventropy AAS‘‘‘ f o r  th e  r e a c t io n s  o f  t r i e t h y l  phosph ite  and d ie th y l  
methyl pho sp h o n ite  w ith  £ -d in itro b en z en e  can be talcen to  in d ic a te  
th e  involvem ent o f an  a l te r n a t iv e  in te ra c tio n ?  which d ec reases  th e  
need fo r  so lv e n t in te r a c t io n  and consequent o r ie n ta t io n .  This 
in te r a c t io n  could  be th e  sim ple e l e c t r o s t a t i c  in te r a c t io n  o f  th e  
p o s i t iv e  phosphonium c e n tre  and the  n eg a tiv e  charge c a r r ie d  by th e  
oxygen atoms o f  the  neighbouring  n i t r o  group ( l 6 ) .  T his p rov ides
48
24a direct analogy to the suggestion of Bunnett and Mo rath of
’’"built-in solvation" (l?).
| ( O B t ) 3
( l6) (17)
Their work was directed towards providing an explanation of 
the orthospara ratios observed with amine attack on jo-halonitro- 
aromatics. For the amines the explanation more probably involves 
hydrogen bonding?^^^^^ but the intermediate (l6) might provide the 
first example of "built-in solvation".
This "built-in solvation" will help the formation of the 
transition state vfhere the leaving group is ortho to a nitro group. 
Nucleophilic substitution with tervalent phosphorus reagents 
occurred with those compounds that possessed leaving groups ortho 
to the nitro group? but failed with p-dinitrobenzene where 
stabilization by "built-in solvation" is not possible.
The rate constants establish the empirical observations of 
Cadogan et al.? who observed for the reaction of o-dinitrobenzene 
and various tervalent phosphorus compounds the reactivity sequence
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> (EtO)gRïe > (StO)^P. More in te re s t in g ly ?  th e  o rd e r  f o r  
tr im e th y l and t r i e t h y l  ph o sp h ites  as commonly expressed i s  re v e r­
sed? hut th e  g re a te r  r e a c t iv i t y  o f  t r i i s o p ro p y l  phosphite th an  
t r i e t h y l  phosph ite  i s  confirm ed. Thus? th e  r e a c t iv i t y  o rd e r f o r  
Oj~dinitrohenzene s u b s t i tu t io n  by t r i a l k y l  pho sp h ites  i s  Pr^O > EtO 
> MeO,
7Kabachnik quoted th e  s e r ie s  f o r  te rv a le n t  phosphorus 
n u o le o p h il ic i ty  w ith  p a r t i c u la r  re fe ren ce  to  th e  Arbusov re a c t io n  
and gave th e  r e a c t iv i t y  s e r ie s  o f  R^P as fo llow ing  allcyl > a ry l  > 
alkoxy and MeO- > EtO- > PrO- > BuO- s u b s t i tu e n ts .
Although th e  n u o le o p h ilic i ty  i s  c o n tro lle d  by th e  in d u c tiv e  
e f f e c ts  o f  the  su b s titu e n ts?  s t e r i c  f a c to r s  have a lso  to  be con­
sid e red  in  th e  o v e ra l l  r e a c t iv i t y .
The la rg e  in c re a se  in  n u o le o p h ilic i ty  o f  t r i is o p ro p y l  phos­
p h ite  by th e  in c reased  in d u c tiv e  e f fe c t  (4*1 ) o f  th e  a lk y l groups i s  
countered by th e  low er frequency f a c to r  in  th e  Arbusov re a c t io n  w ith  
e th y l io d id e . Aksnes showed th a t  t r i i s o p r o p y l  phosphite  re ac ted  
a t  only  tw ice the  r a t e  o f  t r i e t h y l  phosphite? a lthough th e  a c t iv a ­
t io n  energy o f th e  form er was 4*5 K cals./m ole low er. The in c re a se  
in  n u o le o p h il ic i ty  was compensated fo r  by a  co n s id erab ly  low er 
frequency f a c to r  (lO^ ^)? which was a measure o f th e  degree o f  
s t e r i c  in te r a c t io n  between th e  s u b s tra te  and the  b u lk ie r  p h o sp h ite .
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7The q u a l i ta t iv e  s e r ie s  o f  Kahaohnilc f o r  th e  phosphite  
r e a c t iv i t y  in  th e  Arbusov re a c t io n  i s  a lso  a f fe c te d  by th e  s t e r i c  
requ irem en ts. In c rea s in g  a lk y l s u b s t i tu t io n  a f t e r  t r i e t h y l  
phosphite has l i t t l e  e f f e c t  on th e  n u o le o p h ilic i ty  o f th e  phosphorus 
atom because o f the  a t te n u a tio n  o f th e  in d u c tiv e  e f f e c t  th rough two 
carbon atom s. The r a te s  do in  f a c t  decrease? and th i s  can be taken  
as in c re a s in g  s t e r i c  in h ib i t io n  by the  b u lk ie r  a lk y l groups.
The in v e rs io n  o f t r i e t h y l  and tr im e th y l phosph ites in  t h e i r  
r e a c t iv i t y  tow ards p j-d in itrobenzene compared w ith  th e  Arbusov 
re a c t io n  could r e s u l t  from th e  in c reased  n u o le o p h ilic i ty  o f 
t r i e t h y l  phosph ite  which i s  no t matched by a decrease  in  th e  
frequency f a c to r .  The o v e ra l l  sm all change in  r a te  and th e  r e l a ­
t iv e ly  la rg e  o p p o site  changes in  th e  a c t iv a t io n  energy and en tropy 
o f  t r i i s o p ro p y l  phosphite and e th y l io d id e  show th a t  such an 
in v e rs io n  in  r a te  i s  p o s s ib le  under some c ircum stances.
The f in a l  phosphorus-con ta in ing  product i s  ob tained  by 
d e a lk y la tio n  o f  the in te rm ed ia te  ( l6 )  by th e  n i t r i t e  io n . I t  i s  
g e n e ra lly  agreed th a t  th e  d e a lk y la tio n  o f th e  quasi-phosphonium 
s a l t  i s  n o n -ra te -d e te rm in in g  in  th e  Arbusov r e a c t io n . The re a c tio n  
o f  t r i  e th y l phosph ite  and e th y l io d id e  was in v e s tig a te d  by Aksnes 
who showed? in  support o f  a  n o n -ra te -d e te rm in in g  d e a lk y la tio n  stage? 
th a t  th e  e th y l io d id e  was no t m easurably consumed during  th e
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re a c t io n  and th a t  th e  r a te  was u n a ffec ted  by added io d id e  ion .
44A s im ila r  co n c lu sio n  i s  reached from G errard  and G reen’ s 
k in e t ic  s tu d y  o f  th e  d e a lk y la tio n  o f phosphorus e s te r s .  The 
d e a lk y la tio n  was shown to  be b im o lecu la r. A ra te -d e te rm in in g  
d e a lk y la tio n  s te p  in  th e  quas i-pho  sphonium in te rm e d ia te  would 
re q u ire  th a t  secondary a l l ^ l  phosph ites r e a c t  more slow ly th an  
prim ary all<yl p h o sp h ite s . The observed f a c t s  a re  c o n tra ry  to  th is ?  
and so th e  d e a lk y la tio n  cannot be ra te -d e te rm in in g .
The e x is te n c e  o f a  quas i-pho  s phonium s a l t  i s  q u ite  w ell
37e s ta b lish e d  in  th e  Arbusov r e a c t io n .  Dimroth and îîiïrrenbach 
prepared  an a lkoxy l phosphonium s a l t  ( l8 )  under anliydrous c o n d itio n s  
by é th y la t io n  o f  t r i e t h y l  phosph ite  w ith  tr ie th y lo x o n iu m  f lu o ro -  
b o ra te . The compound was a  1 s i e le c t ro ly te  in  a c e to n i t r i l e  and
could be d ea lk y la ted  by propoxide io n  in  propanol to  th e  correspond­
ing  phosphonate e s te r  and e th y l propyl e th e r .  A number o f  ‘workers ‘ 
have re p o rte d  p h y s ic a l ev idence which i s  claim ed to  e s ta b l i s h  
e i th e r  th a t  th e  r e a c t io n  proceeds in  two d i s t i n c t  stages? o r  th a t  




(18 ) (1 9 )
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The n i t r i t e  io n  (19) i s  an ambident ion? th a t  is?  n u o leo -
45p h il io  a t ta c k  by oxygen o r  n itro g e n  may o ccu r. Gompper con­
s id e re d  th e  q u e s tio n  o f am bident io n  re a c t io n s  by d is t in g u is h in g  
be tv/e en therm odynam ically and k in e t ic  a l ly  c o n tro lle d  re a c t io n s  and 
th e  c ircum stances which would cause one o f  th e se  to  predom inate. 
Eornblum and co-w orkers'^^ have examined th e  more r e s t r i c t e d  case  
o f  the  a lk y la t io n  o f n i t r i t e  io n s . Erom t h e i r  r e s u l t s  th ey  
proposed th a t  th e  g r e a te r  th e  carbonium io n  c h a ra c te r  o f  th e  
t r a n s i t i o n  s ta te ?  th en  th e  g r e a te r  i s  th e  tendency fo r  covalency 
fo rm ation  to  th e  atom o f  g r e a te r  e le c t ro n e g a t iv i ty  to  form a lk y l 
n i t r i t e s .  E le c tro p h il ic  in te r a c t io n  by s i l v e r  on th e  halogen  atom 
o f th e  a lk y l h a lid e  s u b s t ra te  g re a t ly  in c re a se d  th e  y ie ld  o f  a llty l 
n i t r i t e s  by in c re a s in g  th e  carbonium io n  c h a ra c te r  o f  th e  t r a n s i t i o n  
s ta te  o
This g e n e ra l is a t io n  i s  o f value in  th e  p re se n t work as  i t  
p rov ides an e x p lan a tio n  o f  th e  absence o f  n i tro e th a n e  as a  r e a c t io n  
product from th e  d e a lk y la tio n  o f  th e  quasi-phosphonium  in te rm e d ia te . 
A c o n tro l experim ent showed th a t  th e  r a t e  o f  consumption o f n i t r o ­
ethane by t r i e t h y l  phosph ite  under th e  r e a c t io n  c o n d itio n s  was 
slow er th an  th e  fo rm ation  o f  d ie th y l o_-nitro phenyl phosphonate.
Thus? th e re  would be a  h igh  enough co n c e n tra tio n  o f th e  n i t r o  ethane 
a t  th e  com pletion  o f  th e  experim ent to  enable  i t  to  be d e te c te d  by 
g . l . c .  The com plete absence o f  n itro e th a n e  in  th e  m ix tu re shows
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th a t  i t  i s  no t formed d u rin g  the  re a c t io n ,
A common fe a tu re  o f  organo-phosphorus chem istry  i s  th a t  th e
s tre n g th  o f  th e  phosphoryl bond in  th e  s t a b i l i t y  o f  th e  p ro d u c ts
c o n tro ls  th e  course o f  a  r e a c t io n .  The s t a b i l i t y  a r i s e s  from
p^-jr-dy,-interactions w ith  P a c t in g  as e le c tro n  a c c e p to r . T yp ical
47bond d is s o c ia t io n  en e rg ie s  f o r  phosphates and phosphine ox ides 
a re  120-150 K cals./m ole? which a re  much h ig h e r  th an  th e  co rrespond­
in g  v a lu es  f o r  amine oxides?^^ 5O-7O K cals./m ole? where no such 
back bonding i s  p o s s ib le .
By analogy to  th e  Arbusov reac tio n ?  th e  d e a lk y la tio n  o f  th e  
quasi-phosphonium  n i t r i t e  formed in  the  r e a c t io n  w ith  p -d in i tro b e n ­
zene w ith  t r i e t h y l  phosph ite  i s  not ra te -d e te rm in in g . The forma­
t io n  o f  th e  phosphoryl bond prov ides e leo tro m eric  a s s is ta n c e  (-M) 
which c re a te s  la rg e  carbonium io n  c h a ra c te r  in  th e  t r a n s i t io n  s t a t e  
Hence from Kornblum’s g en e ra lisa tio n ? ^ '^  on ly  e th y l n i t r i t e  would be 
expected in  th e  dea ll< y la tion  by n i t r i t e  io n s  (Scheme 7 ) «
r" -x :'v ^ p (O E t
P— CHpCH,
EbOHO
k ^ P ( 0 ) ( 0Bt).
Scheme 7
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In  a c o n tro l experim ent devised to  c r e a te  a  quasi-phosphonium  
n i t r i t e  in  s i t u ,  tr ie th o x y  e th y l pho sphonium flu o ro b o ra te  ( l8 )  wo,s 
allowed to  r e a c t  w ith  s i l v e r  n i t r i t e  in  b e n z o n itr i le *  E xclusive  
fo rm ation  o f  e th y l n i t r i t e  ($0^) occurred . The y ie ld  o f th e  
expected d ie th y l  ethy lphosphonate (20) was low {Ofo) and on ly  p a r t  
o f th e  m issin g  product was accounted fo r  by f u r th e r  d e a lk y la tio n  o f  
th e  phosphonate. While th e  d ea llcy la tio n  o f  t r ie th o x y  e th y lp h o s-
H'
(EtO) P 'E t
:g
0 •> EtONO + (EtO) P (0 )Bt
(20)
Scheme 8
phonium n i t r i t e  (Scheme S) to  y ie ld  e th y l n i t r i t e  does no t prove 
th e  in te rm ed iacy  o f  Scheme 7? i t  does show th a t  quasi-phosphonium  
n i t r i t e s  do g ive  r i s e  to  th e  ex c lu siv e  fo rm ation  o f  etli^^l n i t r i t e .
The exp•rim en ts designed  to  measure th e  r a te  o f  consum ption 
o f n itro e th a n e  and amyl n i t r i t e  m th  t r i  e th y l phosph ite  under th e  
r e a c t io n  co n d itio n s  showed th a t  th e  r a te s  o f  r e a c t io n  were slow 
compared w ith  th e  r a te  o f  fo rm ation  o f  d ie th y l  u -n itro p h en y lp h o s­
phonate « M y l n i t r i t e  showed some i n s t a b i l i t y  under th e  r e a c t io n  
cond itions^  s in ce  th e  absorbance changed by 13?^  in  6 h o u rs . The
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n itro e th a n e  absorbance changed by 79° over 5 h o u rs .
There have been few re p o r ts  on th e  r e a c t iv i t y  o f  a l ip h a t ic
2nitro-com pounds w ith  te rv a le n t  phosphorus compounds. A ll o f
th e se  have been concerned w ith  halogenonitro-com pounds. Simple
n itro a lk a n e s  do n o t r e a c t  w ith  tr ip h e n y l phosphine a t  -10^ and
2r e a c t io n s  a t  h ig h e r  tem p era tu res have not been in v e s t ig a te d - 
Boyer and Wbodyard"^’^  have rep o rted  th e  deoxygenation o f  some 
o rgan ic  n i t r i t e s  w ith  t r i e t h y l  phosphite  and t h e i r  r e s u l t s  in d ic a te  
th a t  th e  r a t e  o f r e a c t io n  i s  ag a in  r e l a t i v e l y  slow . Benzyl n i t r i t e  
was found to  r e a c t  to  th e  e x te n t o f  Q^ffo w ith  t r i e t h y l  p h o sp h ite  a t  
100° a f t e r  two daysj to  y ie ld  benzyl a lco h o l (55/^)*
T r ie th y l phosphate (259^) was formed in  th e  r e a c t io n  o f  
p -d in itro b e n z e n e  w ith  t r i e t h y l  phosphite  in  a c e to n i t r i l e  a t  86° 
a f t e r  6j- h o u rs . In  a c o n tro l experim ent, where t r i e t h y l  p h osph ite  
only  Y/as h ea ted  in  a c e t o n i t r i l e ,  159  ^ o f  t r i e t h y l  phosphate was 
formed in  a com parable tim e (l|*  hours) a t  114^*
Such measurements o f  th e  ex ten t o f  fo rm atio n  o f t r i e t h y l  
phosphate a re  d i f f i c u l t  because o f th e  ease o f  o x id a tio n  o f 
t r i e t h y l  p h o sp h ite  w h ile  i t  i s  weighed, hand led , and h ea ted .
HoYYever, i t  i s  c l e a r  th a t  th e  ex ten t o f  fo rm atio n  o f  t r i e t h y l  
phosphate i s  q u ite  low, p o s s ib ly  about 10^ d u rin g  th e  main r e a c t io n . 
This could a r i s e  from secondary deoxygenation re a c tio n s  w ith  the
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products o f  th e  prim ary r e a c t io n , e th y l n i t r i t e  and d ie th y l 
£ -n itro p h en y lp h o s phonat e .
B o y e r 's  and Woodyard’s o b se rv a tio n s '^^  and those o f  th e  
c u rre n t ivork in d ic a te  a  slovf r e a c tio n  o f  n i t r i t e s  vfith t r i e t h y l  
p h o sp h ite . F u rth e r  slow deoxygenation o f  th e  prim ary p ro d u ct, 
d im ethyl p_,-nitro phenyl phosphonate, by trim etl'iy l phosph ite  was a lso  
observed in  th e  experim ents designed to  d e te c t  th e  fo rm ation  o f 
te tra m e th y l phenylene b isphosphonate-
The r a t e  o f  fo rm ation  o f  th e  prim ary product v/as observed to  
decrease  slow ly from th a t  expected i f  second-o rder k in e t ic s  were 
s t i l l  be ing  obeyed, a f t e r  about 20$^  o f  r e a c t io n .  The im portance 
o f th e  secondary r e a c tio n s  in c re a se s  as th e  co n c e n tra tio n s  o f  the  
p roducts in c re a se  and i t  i s  p o ss ib le  th a t  th e  d e v ia tio n  a f t e r  2CÇb 
o f  r e a c t io n  marks th e  in c rease d  com petition  from th e se  secondary 
r e a c t io n s .
The f a i l u r e  o f  d ie th y l  p -n itropheny lpho  sphonate and 
p -d in itro b en zen e  to  undergo s u b s t i tu t io n  by t r i  e th y l phosph ite  i s  
in d ic a t iv e  o f  the  im portance o f th e  neighbouring  n i t r o  group in  
determ in ing  th e  r e a c t iv i t y  o f  p -d in itro b e n z e n e , 2 -n itro p y r id in e  
- 1-o x id e , and 1 , 2 , 4- t r in i t r o b e n z e n e .  E a r l i e r  in  t h i s  d is c u s s io n , 
i t  was suggested  th a t  th e  neighbouring  n i t r o  group helped by means 
o f " b u i l t - i n  s o lv a t io n " .
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A r e la te d  enhancement o f  r e a c t iv i ty  by a neighbouring  N-oxide 
fu n c tio n  was observed by J o h n s o n i n  h is  in v e s t ig a t io n  o f  th e  
s u b s t i tu t io n  re a c t io n s  o f  2~ and 4- s u b s t i tu te d  n itro p y r id in e -3r-oxides 
w ith  p ip e r id in e  o r  ethox ide io n . The a c t iv a t io n  energy fo r  the  
r e a c t io n  o f  4 ~ n itro p y r id in e - l-o x id e  w ith  p ip e r id in e  in  e th an o l v/as 
4*5 K ca ls ./m o le  h ig h e r  th a n  f o r  th e  2 -isom er. Johnson b e liev e d  
th i s  d if fe re n c e  was due to  th e  e l e c t r o s t a t i c  in te r a c t io n  between th e  
n e g a tiv e ly  charged oxygen atom s, which YYOuld r a i s e  the  energy o f  th e  
ground s t a t e  f o r  th e  2-iso m er r e la t iv e  to th e  4~-isomer. A f u r th e r  
c o n tr ib u tio n  to  th e  la c k  o f  r e a c t iv i t y  o f th e  l a t t e r  was th e  
a t te n u a tio n  o f th e  in d u c tiv e  e f f e c t  o f  th e  N-oxide fu n c tio n  a t  th e  
4- p o s i t io n .  T his id e a  would eq u a lly  w ell app ly  to  th e  d in i t ro b e n -  
zenes? e l e c t r o s t a t i c  in te r a c t io n  r a i s e s  th e  ground s ta te  energy o f  
p -d in itro b e n z e n e  r e l a t iv e  to  th e  p-isom er in  which f u l l  c o p la n a r ity  
o f  th e  n i t r o  groups r e s u l t s  in  a  g r e a te r  degree o f  mesomeric 
s t a b i l i s a t i o n .
Cadogan and h is  co-w orkers showed th a t  2- n i t r o p y r id in e  
-1 -o x id e  underwent s u b s t i tu t io n  w ith  t r i e t h y l  p h o sp h ite , Yvhereas 
th e  4-isom er f a i le d  to  r e a c t .  This i s  in  accord w ith  Jo h n so n 's  
o b se rv a tio n  o f  th e  g r e a te r  a c t iv a t io n  energy o f  s u b s t i tu t io n  fo r  
th e  4- iso m er. S u b s ti tu t io n  o f the  4-isom er by t r i e t h y l  phosph ite  
f a i l s  because th e  a c t iv a t io n  energy i s  h ig h e r  th an  th a t  fo r  
deoxygenation Yvhich occurs by d e f a u l t .
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By analogy, th e  la c k  o f  s u b s t i tu t io n  by te rv a le n t  phosphorus 
compounds w ith  p -d in itro b en zen e  r e s u l t s  from s im ila r  e ffec ts«
(a) th e  g r e a te r  s t a b i l i t y  o f  th e  ground s t a t e ,  and (b) th e  la c k  
o f " b u i l t - i n  so lv a tio n " , which r e s u l t  in  h ig h e r  a c t iv a t io n  p ara ­
m eters fo r  s u b s t i tu t io n  such th a t  deoxygenation becomes th e  
p re fe rre d  re a c t io n  pathway.
I t  i s  a  fe a tu re  o f  th e  re a c tio n s  re p o rte d  by Cadogan th a t  
e i th e r  s u b s t i tu t io n  o r  deoxygenation o ccu rred . The deoxygenations 
were g e n e ra lly  performed in  the  absence o f  so lv e n t a t  h ig h e r 
tem p era tu res . I t  would th en  seem th a t  th e  deoxygenation re a c t io n  
has h ig h e r a c t iv a t io n  param eters than  does s u b s t i tu t io n  and in  the 
absence o f  f e a tu re s  f a c i l i t a t i n g  n u c le o p h ilic  arom atic s u b s t i tu ­
t io n ,  deoxygenation then  occurs by d e fa u lt  o f  s u b s t i tu t io n .
In  th e  case o f  dim ethyl p -n itropheny lphosphonate , however, 
th e re  was l i t t l e  f u r th e r  r e a c t io n  by e i th e r  s u b s t i tu t io n  o r deoxy­
g en a tio n . No s u b s t i tu t io n  occm?red b u t deoxygenation occurred  
over 15 days a t  87° ,  I t  has been shov/n^ th a t  th e  p -n i tro  and 
£ -d ie th y l  phosphonyl groups have comparable e lec tron -w ithd raw ing  
c a p a c i t ie s .  In  th e  absence o f  any o th e r  e f f e c t  and making a 
s t a t i s t i c a l  allov/ance fo r  on ly  one n i t r o  group, f u r th e r  s u b s t i tu t io n  
should occur a t  a  s im ila r  r a te  to  y ie ld  a  phenylene b isp h o sp h o n ate .
A co n tro l experim ent showed th a t  te tram e th y l phenylene bisphospho­
n a te  was s ta b le  under the  r e a c t io n  c o n d itio n s .
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The la c k  o f  fu r th e r  s u b s t i tu t io n  o f dim ethyl p -n itro p h e n y l-
phosphonate i s  a t t r ib u ta b le  to  two causess (a) th e  la ck  o f
" b u i l t - in  so lv a tio n "  between th e  neighbouring  n i t r o  group and th e
p o s it iv e  phosphonium c e n tre , and (b) s t e r i c  in te r a c t io n s .  The
re ta rd in g  e f f e c ts  o f  la rg e  o rtho  groups were trac ed  in  th e
In tro d u c tio n , where i t  was shown th a t  s tro n g  s t e r i c  in h ib i t io n  was
26ex h ib ited  by th e  t -b u ty l  group. The d ie th y l phosphonyl group 
i s  a lso  a  bu lky  group and to g e th e r  w ith  th e  s iz e  o f  the  a t ta c k in g  
n u c leo p h ile , t r i e t h y l  p hosph ite , should provide s tro n g  s t e r i c  
h indrance to  f u r th e r  s u b s t i tu t io n .  S te r ic  h indrance m ight a lso  
be re sp o n s ib le  f o r  the  s t a b i l i t y  o f  the  n i t r o  group towards
pdeoxygénâtio n , s in ce  in  g en e ra l complete deoxygenation o f 
arom atic nitro-com pounds would norm ally have re s u lte d  under th ese  
c o n d itio n s .
Conclusions
The work d iscussed  in  th i s  p a r t  o f  th e  th e s is  has been con­
cerned to  e s ta b l i s h  w hether n u c le o p h ilic  arom atic  s u b s t i tu t io n  
occurs in  th e  r e a c tio n  o f  p -d in itro b en zen e  w ith  te rv a le n t  p h o sp h o r-, 
re a g e n ts . The k in e t ic  r e s u l t s ,  to g e th e r  w ith  the  work o f  Cadogan, 
Sears and Sm ith,^ show q u ite  c le a r ly  th a t  t h i s  i s  so .
There i s  a f in e  balance  between th e  custom ary deoxygenation
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and s u b s t i tu t io n  r e a c t io n s .  Where th e  s u b s t ra te  i s  in s u f f i c i e n t ly  
a c tiv a te d  tow ards n u c le o p h ilic  s u b s t i tu t io n ,  th e n  deoxygenation 
o ccu rs . The fo rm ation  o f  phosphorates by those  s u b s t ra te s  w ith  an 
_p-nitro group r e s u l t s  from th e  n u c le o p h ilic  a c t iv a t io n  o f  th e  r in g  
and th e  " b u i l t - i n  so lv a tio n "  o f  th e  p o s i t iv e  phosphonium i n t e r ­
m ediate ,
E xclusive  fo rm ation  o f  e th y l n i t r i t e  in  th e  d ea llcy la tio n  o f  
th e  phosphonium in te rm e d ia te  i s  a t t r ib u te d  to  th e  h igh  carbonium 
io n  c h a ra c te r  o f  th e  t r a n s i t i o n  s ta te  caused by th e  e lec tro m e ric  
e f f e c t  o f  the  p o s i t iv e  phosphorus c e n tre . P re fe rre d  bond fo rm ation  
to  the more e le c tro n e g a tiv e  atom o f  the  n i t r i t e  io n  then  o ccu rs .
The s t a b i l i t y  o f  th e  n i t r o  group in  d ie th y l  o_-nitrophenyl- 
phosphonate to  tr im e th y l phosph ite  i s  a t t r i b u te d  to  s tro n g  s t e r i c  
sh ie ld in g  by th e  d ie th y l phosphonyl group.
p A H T I I
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ABSTRACT OF PART I I
A s e r ie s  o f a lk y l a -h y d roxy im ino -p -n itrobenzy l a lk y l pho sphyl 
adduots have been sy n th e s ised  from phosphorus-con ta in ing  a c id s  and 
p - n i t r o b e n z o n i t r i le  o x id e . T h e ir s o lv o ly tic  behav iour has been 
examined.
H ydro lysis occurred  in  ac id  s o lu tio n  a t  2$° w ith  anchim eric
7a s s is ta n c e  o f  about 2 x 10 by th e  neighbouring  oximino group, to  
y ie ld  th e  a lco h o l o f  th e  e s t e r  m oiety . E xclu s iv e  phosphorus-oxygen 
f i s s io n  o ccu rred .
p -N itro a n il in e  was formed in  a lk a l in e  s o lu t io n  by in tram o lecu ­
l a r  a t ta c k  by th e  oximate an io n , follow ed by a lo s s e n  rearrangem ent » 
Evidence i s  p resen ted  fo r  th e  in term ediacy  o f  p en taco v a len t i n t e r ­
m ed ia tes, and th e  r e la t iv e  r e a c t i v i t i e s  o f  th e  adducts a re  exp la ined  
by th e  c o n s tr a in ts  n ecessa ry  fo r  p se u d o -ro ta tio n  to  allow  f u r th e r  
re a c t io n  to  form th e  p roducts  in  a lk a lin e  s o lu t io n .
The ac id  h y d ro ly s is  o f  e th y l p in a c o ly l m ethylphosphonate was 
shown to  proceed v ia  a un im oleou lar mechanism w ith  the  fo rm ation  o f 
a  carbonium io n  in  'ÿCP/o aqueous dioxan a t  100°.
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INTRODUCTION
Preamble
The g re a t  in t e r e s t  in  organophosphorus compounds has develop, 
over th e  l a s t  t h i r t y  y e a rs . Three main f a c to r s  have been respon­
s ib le  fo r  t h i s  in te r e s t s  th e  r e a l i s a t io n  o f  th e  im portance of 
phosphorus e s te r s  in  l iv in g  p ro cesses , th e  g re a t in d u s t r ia l  u ses  
made o f phosphorus compounds, and the  p o te n t ia l  a n t i - a c e ty l  
c h o lin e s te ra s e  a c t iv i ty  o f  some phosphorus compounds.
Complex phosphorus e s te r s  p lay  an e s s e n t i a l  rô le  in  th e  
fu n c tio n  o f  l iv in g  p ro cesses  and th e se , to g e th e r  w ith  sim p ler 
phosphate e s t e r  system s, have been much s tu d ie d .
Phosphorus compounds have been put to  many in d u s t r ia l  u se s , 
some o f which in c lu d e  a n t io x id a n ts , lu b r ic a t in g  o i l  and m otor fu e l  
a d d i t iv e s , p l a s t i c i s e r s ,  l ig a n d s  in  o rg an o -m e ta llic  c a ta ly s t s ,  and 
m edicinalSo
Some phosphorus compounds possess a n t i - a c e ty l  c h o lin e s te ra s e  
a c t iv i ty  and th e se  have encouraged re se a rch  in to  t h e i r  development 
as war g ases and more im p o rta n tly  as in s e c t ic id e s .
This th e s is  d e sc r ib e s  th e  sy n th e s is  and s o lv o ly tio  behaviour 
o f  a  model phosphonate e s t e r  system , in  which a  neighbouring  oxime
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group i s  ab le  to  provide anohim eric a s s is ta n c e  in  i t s  h y d ro ly s is . 
The re lev an ce  o f such a  system  to  the  th e rap y  o f  r e a c t iv a t io n  o f  
in h ib i te d  a c e ty l c h o l in e s te ra s e  w ill  be tra c e d  in  the  In tro d u c tio n ^
The In tro d u c tio n  w i l l  f i r s t  deal w ith  th e  ac id  and base 
h y d ro ly s is  o f sim ple phosphonates, and w ith  o th e r  phosphorus e s te r s  
which e x h ib it  neighbourâng group p a r t ic ip a t io n  in  t h e i r  h y d ro ly ses . 
The rô le  o f  th e  p en ta -co o rd in a te  in te rm ed ia te  w i l l  be d iscu ssed  
w ith  regard  to  c y c lic  phosphorus e s te r s  and th en  to  r e a c tio n s  which 
a re  capab le  o f  form ing five-membered r in g  in te rm e d ia te s  by i n i t i a l  
in tra m o le c u la r  a t ta c k .
The H ydro lysis o f  Phosphonatess H ydro lysis 
Accompanied by Phosphorus-Oxygen F is s ion
N u c leo p h ilic  s u b s t i tu t io n  a t  th e  phosphorus c e n tre  i s  though
to  proceed through a  f iv e -c o o rd in a te  t r a n s i t io n  s ta te  w ithou t the
fo rm ation  o f a p en taco v a len t in te rm e d ia te .
The most t e l l i n g  evidence ag a in s t such an in te rm e d ia te , in
a c y c lic  phosphorus e s t e r  h y d ro ly ses , comes from oxygen exchange
experim ents- In  the  h y d ro ly s is  o f  c h lo r id e s ,  f lu o r id e s ,  and
e s te r s  o f phosphorus, on ly  one atom o f  oxygen, ^^0, i s  found in  th e
product and none in  th e  s t a r t i n g  m a te r ia l o f  an in te r ru p te d  hydro- 
51al y s i s .  More re c e n tly , la c k  o f exchange has been re p o rte d  in
52th e  hyd ro ly ses o f  phosph inate  e s te r s .  A t r a n s i t io n  s t a t e  i s
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Ring s t r a i n  i s  b e liev ed  to  be re sp o n sib le  f o r  in c reased  ^^0 exchange 
in  c y c lic  five-membered e s te r s ?  which proceeds v ia  a  p en taco o rd in a te
in te rm e d ia te . 
In tro d u c tio n .
53 This w i l l  be re tu rn ed  to  a t  a  l a t e r  p o in t in  th i s
Some a d d it io n -é lim in a tio n  mechanisms a re  known fo r  phosphorus 
compounds. A p en taco o rd in a te  in te rm ed ia te  ( 21 ) was probably  formed 
in  the  slow exchange ? concom itant w ith  racem ization? w ith  ^^0 from
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(20) (21)
Many o f  th e  re a c t io n s  o f  te t r a h e d ra l  phosphorus compounds w ith  
n u c leo p h ile s  a re  f i r s t - o r d e r  in  su b s tra te  and f i r s t - o r d e r  in  th e
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55 56 57—60n u c le o p h ile . Amine ^  and hydroxide io n  d isp lacem ents o f
th e  h a lid e  io n  from phosphorus c h lo rid e s  and f lu o r id e s  and th e
hydro lyses o f  phosphonate e s te r s  have been s tu d ied  by many
w orkers,
A lk a lin e  e s te r  h y d ro ly s is  a c t iv a t io n  param eters have been
ta b u la te d  by G in jaar and Basse-Y el fo r  p -n itro p h en y l phosphorus
63e s te rs?  and by C h r is to l and M arty fo r  sym m etrical d ia lk y l  a lk y l-  
phosphonates. In  most cases? th e  entropy term s ob tained  a re  la rg e  
and negative? in  harmonj^ w ith  a t r a n s i t io n  s ta te  which s a t i s f i e s  the
requirem ents f o r  synchronous a t ta c k  by th e  n u c leo p h ile  and e je c t io n
6 3  ^6 5of the  le a v in g  group. ^
S tu d ies  on the  s te reo ch e m is try  o f  th e  b im olecu lar d isplacem ent 
have so f a r  in d ic a te d  th a t  in v e rs io n  o f c o n f ig u ra tio n  o ccu rs .
Hudson and Green have co n c lu siv e ly  dem onstrated in v e rs io n  in  th e  
e q u i l ib r a t io n  o f  th e  o p t ic a l ly  a c tiv e  "^^’0 la b e lle d  phosphinate e s te r
(22) w ith  i t s  u n la b e lled  analogue in  m ethanol. They found th a t  t i n  
r a te  o f racem iza tio n  was e x a c tly  tw ice th e  r a t e  o f  lo s s  o f  la b e lle d  
^^0 from the phosphinate e s t e r .  Thus? th e  e s t e r  must undergo 
displacem ent w ith  in v e rs io n  o f  c o n f ig u ra tio n  a t  phosphorus.
Some P o lish  workers have co n s tru c ted  Walden cyc les f o r  
th iophosphorus compounds? in  which each r e a c t io n  in vo lves bim olecu­
l a r  d isp lacem ent a t  phosphorus.^^
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A ttack  a t  te t r a h e d r a l  phosphorus i s  very  su sc e p tib le  to  s t e r i c  
h indrance hy s u b s t i tu e n ts  a t  th e  phosphorus atom.^^*^^ A d i r e c t  
example a r i s e s  from th e  a b i l i t y  o f  th e  phosphorec h lo r id a te  (23) to  
phosphory late  only prim ary a lco h o ls  to  g ive  th e  corresponding 
phosphoroam idochloridate, w hile the le s s  h indered  d e r iv a t iv e  (24) 




C h ris to l and M arty have examined th e  e f f e c t  o f  s t e r i c  
h indrance o f  th e  a lk a lin e  hydro lyses of some sym m etrical d iall<yl 
m ethylphosphonateso On in c re a s in g  a lk y la t io n  in  th e  e s t e r  m oiety
th e  energy o f  a c t iv a t io n  in c reased  as th e  e l e o t r o p h i l i c i ty  o f  the  
phosphorus atom was reduced . The values o f  th e  en tropy  o f  
a c t iv a t io n  in c reased  r e g u la r ly 3 r e f le c t in g  th e  s t e r i c  com pression
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in  th e  t r a n s i t io n  s ta te ?  where f i v e  groups surround th e  phosphorus 
atom. The secondary a lk y l  e ster?  d ic y c lo h e x y l m ethylphosphonate?  
was l e s s  r e a c t iv e  due to  th e  in crea sed  energy and entropy o f  
a c t iv a t io n .
S u b s t itu t io n  o f  th e  o y c lo h ex y l group a t  phosphorus caused th e  
r a te  o f  h y d r o ly s is  to  f a l l  in  com parison w ith  th e  corresp on d in g  
m ethylphosphonate? due m ain ly  to  the in d u c t iv e  e f f e c t  (T able 1 2 ) .
On th e  o th e r  hand? th e  s u b s t it u t io n  o f  a phenyl group fo r  
m ethyl o,t phosphorus caused a  r a te  in crease?  which r e s u lte d  from 
th e  low er energy and en trop y o f  a c t iv a t io n .  The p lan ar r in g  must 
presum ably cau se  a  s u f f i c i e n t  r e la x a t io n  in  the s t e r i c  requirem ents  
compared w ith  sp^ h y b r id ised  carbon a t phosphorus (T able 1 2 ) .
TABLE 12s R ates o f  A lk a lin e  H yd ro ly sis  o f  HPO(CI\,Ce)^ ^^
R R ela t iv e  Rate E , A (e  .u . )
(Kcal sTTmo l e )
M ethyl 225 1 1 .2  - 2 1 .2
C ycleh exy l 1 I 4 . 6  - 2 1 .7
Phenyl 380 1 1 . 7  - 1 8 .7
In  a s im ila r  stu dy o f  th e  a lk a lin e  hj^-drolyses o f  d iiso p r o p y l  
alley 1 phosp hon ates? Hudson and Keay a t tr ib u te d  the d e c re a s in g  r a te  
o f  r e a c t io n  w ith  in c r e a s in g  a lk y la t io n  a t  phosphorus to  s t e r i c  
e f f e c t s .  For th e  t-bu ty lp h osp h on ate?  however? the reduced r a te
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le ~ 0 .0 0 2  i s  probab ly  due to  a com bination  o f  s t e r i c  and
Bu
in d u c tiv e  e f f e c t s .
Most s u b s t itu e n ts  a t  phosphorus e x er t a  n e g a tiv e  in d u c t iv e  
e f f e c t  on th e  phosphorus atom . This m ight have been exp ected  to  
in c r e a se  th e  r a te  o f  r e a c t io n  by the in c re a se d  e l e c t r o p h i l i c i t y  o f  
phosphorus. However? th e  in crea sed  e l e c t r o p h i l i c i t y  in  th e  f i r s t  
in s ta n c e  w i l l  in c r e a se  th e  degree o f  p ^ -  d^j-bonding to  th e  phos­
phorus atom? which cau ses changes in  th e  energy and entropy o f  
a c t iv a t io n .
The r i s e  in  th e  a c t iv a t io n  energy fo r  a lk o x y l s u b s t itu te d  
compounds has been a t tr ib u te d  to  th e  in c r e a se  in  th e  if bond ord er  
in  th e  m olecule? which i s  caused by o v er la p  o f  f i l l e d  p o r b i t a l s  o f  
th e  s u b s t itu e n t s  w ith  th e  empty d o r b i t a ls  o f  phosphorus. The 
r e s u l t in g  r ed u c tio n  o f  th e  p o s i t iv e  charge on phosphorus? a s  w e ll  
a s th e  corresp on d in g  s tr en g th e n in g  o f  th e  bond betw een phosphorus 
and th e  le a v in g  group? c o n tr ib u te s  to  an in c r e a se  in  th e  a c t iv a t io n  
energy . There i s  a com pensating e f f e c t  in  th a t th e  number o f  
e le c tr o n e g a t iv e  s u b s t itu e n ts  bonded to  phosphorus r e s u l t s  in  more 
e f f i c i e n t  d e lo c a l i s a t io n  o f  th e  e le c tr o n ic  charge in  the t r a n s i t io n  
s t a t e .  A ccordingly? th e r e  i s  a reduced need fo r  so lv e n t  o r ie n ta ­
t io n  around th e  t r a n s i t io n  s ta te ?  w ith  a d ecrea se  in  th e  en trop y o f  
a c t iv a t io n .
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65ilk snes and Songs tad  have rep orted  r a te  c o n sta n ts  fo r  th e
a lk a l in e  h y d r o ly s is  o f  s u b s t itu te d  d ie th y l  a lky lph osp hon ates?  in  
which th e  in d u c t iv e  e f f e c t  was s tu d ie d . Concurrent w ith  th e  
low erin g  o f  th e  a c t iv a t io n  energy by in d u c t iv e  groups (~ l)?  th e re  
was an in c r e a se  in  th e  in fr a r e d  s tr e tc h in g  frequency o f  th e  p h os-  
phoryl group? which was talcen a s ev id en ce o f  th e  in c re a se d  d egree  
o f  p ^ -  d ^ b o n d in g .
P o t e n t ia l ly  c o n ju g a tiv e  s u b s t itu e n ts  can in te r a c t  w eakly  
among th em se lv es through th e  d o r b i t a ls  o f  th e  phosphorus atom. 
E lec tro n  r e le a s e  by s u b s t itu e n ts  w ith  lo n e  p a ir s  o f  p e le c tr o n s  
does reduce th e  r a te  o f  r e a c t io n . Such e f f e c t s  have been e x p e r i­
m en ta lly  determ ined by Hudson and A ksnes.^^ Alcsnes showed th a t  
in c r e a s in g  a lk o x y l s u b s t i t u t io n  in  phosphorus f lu o r id a t e s  in c re a se d  
both th e  energy o f  a c t iv a t io n  and th e  degree o f  p ^ -  d ^ b on d in g  to  
th e  phosphoryl group and f lu o r in e  atom (deduced from th e  r i s e  in  
th e  in fr a r e d  s tr e tc h in g  fre q u en cy ). Hudson and Keay determ ined  
iVrrhenius param eters f o r  th e  s o lv o ly s i s  o f  phosphyl c h lo r id a te s  w ith  
s im ila r  s t e r i c  requirem ents in  5^ aqueous aceto n e  (Table 13 ) .  The 
v a lu e  o f  th e  a c t iv a t io n  energy  in crea sed  w ith  th e  degree o f  Pvr*-
bonding a v a i la b le  from m ethoxyl s u b s t i t u t io n .  V alues ob ta in ed  from
58th e  a lk a l in e  liy d r o ly s is  o f  some s im ila r  phosphyl e s t e r s  a ls o
e x h ib it  t h i s  e f f e c t  thus :
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R e la t iv e  r a te  per
m ethoxyl groups-  5 . 9  4 . 2  1
TABIiE 135 The E f f e c t  o f  M ethoxyl Group S u b s t itu t io n  on some 
Phosphyl C h lo r id a te  H ydrolyses a t  0°
Compound Et P (o)C l Et.M e0P(0)C l (MeO) P(0)C1
lO^k^ ( a e c f  ) I 5OO* 98 I .75
B . (K o a la ./m o le ) 7 . 3  8 . 4  1 0 .6
l o g j ^ O  5 . 9  5 . 7  5-7
( * e x tr a p o la te d )
These au th ors a ls o  a t tr ib u te d  th e  d ecrea se  in  r a te  w ith  in ­
c r e a s in g  a lk y la t io n  in  th e  e s t e r  m oiety  t o  th e  g r e a te r  ea se  o f  
e le c tr o n  r e le a s e  from th e  oxygen atom to  phosphorus. I t  i s  a ls o  
p o s s ib le  th a t  s t e r i c  e f f e c t s  are p a r t ia l l y  r e sp o n s ib le  fo r  th e  
d ecrease  in  th e  r a te  o f  h y d r o ly s is ,  Phenoxide s u b s t itu e n t s  showed 
l e s s  e f f e c t  fo r  t h e ir  s iz e ?  presumably b ecause co n ju g a tio n  o f  th e  
lo n e  p a ir  e le c tr o n s  on th e  oxygen atom w ith  th e  arom atic r in g  a llo w s  
th e  in d u c t iv e  e f f e c t  o f  oxygen to  predom inate a t  th e  phosphorus atom,
The e f f e c t  o f  th e  v a r ia t io n  o f  th e  so lv e n t  on th e  r a te  o f
h y d r o ly s is  o f  te tr a lio d r a l phosphorus compounds has been s tu d ie d  by
70 3Hudson and Keay, P hosp hon ooh lorid ates were 10 l e s s  r e a c t iv e
when in  form ic a c id  c o n ta in in g  O.y^o w ater than  when in  aqueous
eth an ol o f  comparable io n iz in g  power. The r a te  o f  s o l v o l y s i s  a ls o
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in crea sed  in  aqueous aceto n e  m ixtures? when th e  p rop ortion  o f  w ater  
wO/S in c r e a se d . They concluded th a t bond-form ation  r a th er  than  
bond-breaking was th e  im portant fa c to r  in  th e s e  h y d r o ly se s .
Thus? th e  ev id en ce  summarised in  th e  p reced in g  paragraphs 
concerned w ith  the e f f e c t s  o f  e le c tr o n ic  in te r a c t io n s ?  th e  s t e r e o ­
ch em istry  o f  th e  d isp lacem ent? th e  la c k  o f  exchange w ith  so lv en t?  
and th e  e f f e c t s  o f  th e  so lv e n t  in d ic a te  a b im o lecu la r  t r a n s i t io n  
s t a t e   ^ in  the a lk a l in e  h y d ro ly ses  o f  phosphorus compounds.
R ecently? i t  has been su ggested  th a t  tr a n s ie n t  p en ta co o rd in a te  
in te r m e d ia te s  may be in v o lv ed  in  th e  r e a c t io n s  o f  a s e r ie s  o f  
d iiso p r o p y l e s te r s?  (Pr^0 )2p (0 ) x .71 The r a te  o f  p h osp h ory la tion  
fo llo w s  th e  b a s i c i t y  o f  th e  n u cleo p h ile?  which su g g e s ts  s tro n g
71in t e r a c t io n  in  th e  t r a n s i t io n  s t a t e .  Hudson and Greenhalgh  
exp la in ed  th e  r e la t iv e  r e a c t i v i t i e s  o f  th e  n u c le o p h ile s?  HO?HgO? 
and BuMHg tow ards (P r^ 0)2?(0)X  and 0P (0)(0P r^ ) ] in
term s o f  th e  r e la t iv e  le a v in g  group te n d e n c ie s  o f  the a t ta c k in g  
'n u c le o p h ile  in  a p en ta co v a len t in te r m e d ia te .
The Nature o f  th e  At"
The c h a r a c t e r i s t i c s  o f  n u c le o p h ile s  have been d is c u sse d  by  
72Edwards and P earson  in  term s o f  th r e e  param eters: b a s ic ity ?
p o la r is a b i l i t y ?  and th e  a - e f f e c t ,  E le c t r o p h i l io  c e n tr e s  were th en
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c l a s s i f i e d  in  term s o f  w hich o f  th e se  fa c to r s  v/as im portant in  
th e  t r a n s i t io n  s t a t e .
For th e  phosphorus atom th e  a v a ila b le  d a ta  in d ic a te  th a t  
b a s ic i t y  i s  one o f  th e  c o n t r o l l in g  fe a tu r e s  o f  th e  n u c le o p h ile .  
P o la r i s a b i l i t y  i s  n ot im portant fo r  d isp lacem en t a t phosphorus to  
judge from th e  low  r e a c t i v i t y  o f  th iop h en ox id e io n  in  th e  n u c le o -  
p h i l i c i t y  s e r ie s  toward th e  p h osp h in och lor id a tes?  RgP(0)01? found 
by fo s tr o v sk y  and Halmann.*^^
The s o - c a l le d  a - e f f e c t  i s  a fe a tu r e  o f  some n u c le o p h ile s  w ith
enhanced r e a c t i v i t y  towards phosphorus? whereby the presen ce  o f  an
unshared p a ir  o f  e le c tr o n s  a to  th e  a t ta c k in g  atom in c r e a s e s  th e
r a te  o f  r e a c t io n  beyond th a t  expected  from th e  pK o f  th e  con ju ga te  
74a c id . The reason s f o r  th e  enhanced r e a c t iv i t y  are n ot w e ll
understood and a number o f  a n p ir ic a l  e x p la n a tio n s  have been  proposed
75by Edwards and h i s  co -w o rk ers .
A charge e f f e c t  has been  d escr ib ed  fo r  n u c le o p h il ic  d is p la c e ­
m ents a t  phosphorus. The r e a c t i v i t y  o f  iso p r o p y l m ethylphosphono-  
f lu o r id a te  ( s a r in )  w ith  v a r io u s  an ion s o f  hydroxybenzenes has shown
th a t  th e  in c o r p o r a tio n  o f  a c a t io n ic  s i t e  in  th e  benzene n u c leu s
7 Cin crea sed  th e  r e a c t iv i t y  r e la t iv e  to  th e  b a s ic  s tr e n g th .
77N u c le o p h ile s  showing th e  a - e f f e c t  have been d escr ib ed  to  
show a c a t a l y t i c  e f f e c t  on th e  r a te  o f  h y d r o ly s is  o f  th e  phosphorus
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compound. M ille  th ey  c e r t a in ly  in c r e a se  th e  r a te  o f  h y d ro ly s is?  
th ey  are n ot tru e  c a t a ly s t s  a s th ey  are o f t e n  poor le a v in g  groups? 
and d ecom p osition  o f  th e  in term ed ia te  le a d s  to  products which are  
more com p ileatod  than  would be expected  from a second d isp lacem en t  
a t phosphorus.
The liydro l y s i s  o f  d iiso p r o p y l pho sphere f lu o r id a te  a t pH 6 has
77been shown to  be a c c e le r a te d  in  th e  p resen ce  o f  th e  a -n u c le o ­
p h ile s?  hydroxamic a c id s .  These are poor le a v in g  groups? so th a t  
a  second d isp lacem en t by so lv e n t  w ater does n ot o ccu r , Sam uel.and
7QS i lv e r  confirm ed th a t  th e  r e a c t io n  in v o lv ed  r a te -d e ter m in in g  
a tta c k  by th e  liydroxamic acid? fo llo w ed  by a  L essen  rearrangem ent 
to  y ie ld  d iiso p r o p y l phosphate and a carbamate? by t h e ir  o b serv a tio n  
th a t  no in c o r p o r a tio n  o f  ^^0 occurred during th e  r e a c t io n  in  
enriched  w a te r . The form ation  o f  th e  carbam ate thu s fo llo w s  s-
PhCO.mOH (Pr^O) PO.E ------» P h -00 .m ^ -P O (O P r^ )
slow
f a s t
H-iCO.NHOGO.MHPh <---------------------HiWCO + (Pr-*-0)_P0~
PhCO.HHO"
79Green and S a v i l l e  dem onstrated th a t  oxim es are e f f e c t i v e  
n u c le o p h ile s  towards phosphorus. H y d ro ly s is  o f  sa r in  by th e  oxime?
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RC0 oC(Pu)-N0ÏÏ5 le d  to  iso p r o p y l lyd rogen  m ethylphosphonate?  
f lu o r id e  ion? a  n i t r i l e ?  and a  c a rb o x y lic  a c id .  They p o s tu la te d  











Pr^O-MePO" + HON + rfco»X
In  support o f  t h e ir  scheme th ey  found th a t  added a n i l in e  became 
a c y la te d  by th e  in te rm e d ia te  phosphonylated liydroxamic a c id .
S im ila r  i n s t a b i l i t y  o f  phosphylated  p y r id in e  a ldoxim es has  
been  rep orted  by S te in b er g  and Solomon and Van Houidohk^^ e t  a l
In  both  cases?  breakdown occurred  to  y ie ld  th e  corresp ond ing  
cyan op yrid in e  and a ph osp h ylate  a c id  a n ion . In  th e  p resen ce  o f  
pow erful n u c le o p h ile s?  normal h y d r o ly s is  occurred  to  y ie ld  th e  
aldoxime? r a th e r  than e lim in a tio n .^ ^
Hydr o ly s i s  Accompanied by A lkyl-Q xygen F is s io n
The m oiety  2%P0g i s  a good le a v in g  group because th e  lo n e  
p a ir  o f  e le c tr o n s  c o n tr ib u t in g  to  the n e g a t iv e  charge can  o v er la p
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w ith  th e  d o r b i t a ls  o f  phosphorus to  form a resonance s t a b i l i s e d  
io n . Consequently? a change from b im o lecu la r  r e a c t io n  a t  carbon  
to  u n im olocu lar  f i s s i o n  o f  th e  carbon-oxygen bond should be  
observed? v/hen the a lk y l  e s t e r  m oiety  i s  cap ab le  o f  form ing a  
s ta b le  carbonium io n  in  a so lv e n t  o f  s u f f i c i e n t  io n is in g  power.
82Gerrard dem onstrated t h i s  ch an ge-over  in  mechanism
in  th e  ca se  o f  o p t i c a l ly  a c t iv e  t r i - 2 - o c t y l  ph osp hate. f r y  
hydrogen brom ide converted  t h i s  compound? w ith  in v e r s io n  o f  con­
f ig u r a tio n ?  in to  th e  o p t i c a l l y  a c t iv e  2 - o c t y l  bromide by b im o lecu la r  
a tta c k  on carbon . In  hydrobromio acid? racem ic 2 -o c ta n o l was 
obtained? w hich in d ic a te d  a u n im oleou lar  pathway in v o lv in g  a 
carbonium io n .
The v a r ia t io n  in  th e  r a te  o f  ac id  h y d r o ly s is  fo r  a s e r ie s  o f  
d ia liq y l m etliylphosphonate e s te r s?  (RO)gP(o)Me? has been  rep o rted  by 
Hudson and Keay.^^ In  IN b en zen esu lp h on ic  a c id  so lu tio n ?  th e  
d iiso p r o p y l e s t e r  hyd ro lysed  25 tim es as r a p id ly  as the d ie th y l  
e s t e r  which h yd ro lysed  a t  th e  same r a te  a s  th e  d in eo p en ty l e s t e r .  
Thus? th e se  v a lu e s  su g g est th a t  carbon-oxygen f i s s i o n  o ccu rs in  th e  
d iiso p r o p y l and d in eo p en ty l c a se s  where th e  form ation  o f  carbonium  
io n s  i s  favoured by th e  secondary a lk y l s tr u c tu r e  and th e  in c ip ie n t  
rearrangem ent to  a secondary carbonium ion? r e s p e c t iv e ly .  Support 
f o r  th e  e x is t e n c e  o f  th e  n eop en ty l carbonium io n  comes from th e
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is o la t io n  o f  2-m ethyl’but-*2-ene from the h y d ro ly s is  m ixture under 
co n d itio n s  where neopenty l a lcoho l i s  not dehydrated .
I h r th e r  evidence o f  the  un im olecular f i s s io n  in  secondary 
a lk y l e s te r s  has been provided by Keay?^^ who showed th a t  th e  r a te  
o f  lo s s  o f  o p t ic a l  a c t iv i ty  was ex ac tly  equal to  th e  r a te  o f  forma­
t io n  o f eth^rl hydrogen m ethylphosphonate in  th e  ac id  h y d ro ly s is  o f 
o p t ic a l ly  a c tiv e  e th y l 2 -o c ty l m ethylphosphonate.
H ydrolysis o f  Phosphorus E s te rs  
S p e c if ic  ac id  c a ta ly s i s  has been dem onstrated fo r  a few 
s u b s tra te s  by the  k in e t ic  iso to p e  e f f e c t .  Deuterium oxide has a 
sm alle r au to  p y ro ly s is  c o n s ta n t ( x 5) th an  w ater and i s  th u s  b e liev ed  
to  be le s s  b a s ic .  The s u b s tra te  then  competes more e f f e c t iv e ly  
w ith  th e  so lv en t fo r  th e  d eu teron  in  deuterium  oxide? th an  th e  
p ro ton  in  protium  oxide (w a te r) . Since th e  co n c en tra tio n  o f  th e  
s u b s tra te  i s  g rea te r?  the r a te  o f  re a c tio n  should be h ig h e r  in  
deuterium  oxide th a n  in  protium  oxide? provided th a t  th e  second s te p
does not show a k in e t ic  iso to p e  e f f e c t . 04
85A k in e t ic  in v e s t ig a t io n  by Lapidot and h is  co-w orkers o f  
th e  h y d ro ly s is  o f  N?N-dimethyl carbamyl phosphate in  s tro n g ly  ac id  
so lu t io n  rev ea led  th a t  th e  r a te  was a fu n c tio n  o f  th e  s to ic h e io -  
m e tric  co n c e n tra tio n  o f  a c id . These workers observed a  so lv en t
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kj)
iso to p e  e f f e c t  o f  /  -  1*4 and they in te rp re te d  th is ?  to g e th e r
%
w ith  th e  occurrence o f  phosphorus-oxygen f is s io n ?  as in d ic a t in g  a  
b im o lecu lar a t ta c k  o f  w ater on the p ro tonated  s u b s tra te  th u s .
HO' 'OCO.fcîEt,
^ H^ PO + H&bg.GOgH
In tram o lecu la r  g en e ra l ac id  c a ta ly s is  has been dem onstrated w ith
36p ^ -su b stitu ted  pheno ls. Catechol monoanions ( 25 ) re ac ted  more 
ra p id ly  than  phenoxide ions? as a lso  d id  th e  ammonium s a l t  o f  
Oj-hydroxyphenylmethyl dim ethyl amine (26)? w ith  s a r in .  I t  i s  not 
loiown w ith  c e r ta in ty  w hether th e  c a ta ly s is  i s  o p e ra tiv e  a t  th e  





A measure o f th e  g r e a te r  le av in g  a b i l i t y  o f th e  f lu o r id e  ion
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ill those  oases i s  a ffo rd ed  by th e  Bronsted S c o e f f ic ie n t .  I t s
value  i s  an e s tim a te  o f  th e  degree o f  bond fo rm ation  w ith  th e
n u c leo p h ile  in  the  t r a n s i t i o n  s t a t e .  The v a lu e  o f  p fo r  a ry lo x id e
a t ta c k  on s a r in  has been g iv en  as 0,59? whereas fo r  ca tech o l
monoanion th e  v a lu e  ro se  to  O.9O. The in c re a se  re p re se n ts  th e
g re a te r  ease o f d ep a rtu re  o f  th e  f lu o r id e  ion? p o ss ib ly  a s  a  r e s u l t
87o f hydrogen bonding by th e  pheno lic  hydrogen.
B eallcy la tion  o f  iso p ro p y l 3 -n itro -2 -hyd roxypheny l m ethylphos­
phonate has been shown to  occur r e a d i ly  a t  pH 6-8 under ac id  
c a ta ly s is  from th e  neighbouring  hydroxyl group th u s :




M lodozerdec ob ta in ed  a  h a l f - l i f e  o f  30 m inutes a t  30° f o r  t h i s  
d e a lk y la tio n . Again? w hether th e  e f f e c t  o f th e  hydroxyl group 
in vo lves anohim eric a s s is ta n c e  in  th e  s o lv o ly s is  o f  th e  neighbour­
ing  iso p ro p y l group o r  j u s t  a  s t a b i l i s in g  e f f e c t  o f  liydro gen 
bonding between th e  v ic in a l  hydroxide and th e  phosphoryl oxygen i s  
no t imown. Only a t  h igh pH? 10- 13? was th e re  lo s s  o f  3- n i t r o c a t e -  
chol from th e  phosphorus c e n tr e .
89NjH-Bimeth^^l amino ethoxy methyl phos phono f lu o r id a te  i s
ra p id ly  hydro lysed  in  aqueous so lu t io n  a t  pH 6? w ith  a  h a l f - l i f e  o f
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7 m inutes a t  room tem perature? th e  r a te  o f  r e a c t io n  a t  pH 8 being  
too f a s t  to  m easure. P ro to n a tio n  o f  th e  amino fu n o tio n  in  
so lu tio n  could le a d  to  ac id  c a ta ly s is  in  t h i s  ca se . The a l te r n a ­
t iv e  reac tio n ?  a t  in te rm ed ia te  pH? o f  n u c le o p h ilic  a t ta c k  by
Me —HMe^  Me .^ 0
^ 0  CHg HO''^  ^0(GHg)gme2
n itro g e n  follow ed by ac id  ca ta ly sed  h y d ro ly s is  o f th e  phosphoram i- 
date  formed? does no t seem l ik e ly  s in ce  i t  has been shown th a t  the  
so lid  ob ta ined  from th e  s e l f - r e a c t io n  o f  th e  f lu o r id a te ?  th e
90s tru c tu re  o f  which has been confirm ed to  be th a t  o f  a c y c lic  salt?, 
was only hydrolysed  a t  pH 1 ,
G eneral ac id  c a ta ly s is  by a neighbouring  carboxyl group has
been rep o rted  by G r i f f in  and h is  c o - w o r k e r s . T h u s ?  the  rap id
h y d ro ly s is  o f  d ie th y l p^-carboxyphenylphosphonate has been observed?
but no onhanced r e a c t iv i t y  f o r  th e  p-isomer? o r  the  p ,-ethy l
ca rb o x y la te  e s t e r .  The anohim eric a s s is ta n c e  due to  th e  _q-carbox:.T .^
7group was estim ated  a t  8 x 10 .
k::;^PO (O Et) k:;^PO (O H ),2
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In  a re c e n t study o f t h i s  reac tio n ?  Blackburn and Brown have 
p o s tu la te d  a concerted  fo u r-c e n tre  t r a n s i t io n  s ta te  as being  in  
accord w ith  t h e i r  o b se rv a tio n s  on the  in te rm e d ia te s  in  the 
h y d ro ly s is .
They were ab le  to  d e te c t  the  m ono-ester in  an in te r ru p te d  
h y d ro ly s is  in  d eu te ra te d  so lv e n ts  by n .m .r . spectroscopy  and a 
hydroxamic ac id  from th e  slow h y d ro ly s is  o f  the  d ie s te r  in  
hydroxylam ine. The fo rm ation  o f th e  l a t t e r  was taken  as  evidence 
o f  th e  ex is ten c e  o f  an anhydride in te rm ed ia te?  an independent 
sy n th e s is  o f  which showed i t  to  re a c t  r a p id ly  under th e  r e a c t io n  
c o n d itio n s . The fo rm ation  o f  hydroxamic a c id s  i s  a  Icnown charac­
t e r i s t i c  o f  acy l phosphates and no such fo rm ation  occurred  w ith  the  
d ie s te r?  monoester? o r  f in a l  h y d ro ly s is  p ro d u c t. These workers 
b e lie v e  th e  h y d ro ly s is  th u s proceeds through successive  anhydride 
in te rm e d ia te s  w ith  a l te r n a te  r in g  c lo s in g  and opening p ro c e sse s .
A f u r th e r  example o f  a c id  c a ta ly s is  has been provided by 
Bender and L a w l o r i n  th e  h y d ro ly s is  o f  s a l ic y l  phosphate (26) .  





arom atic e s te r s  and g r e a te r  than  th a t  o f th e  p -isom er. The r a f e  
p r o f i le  has a  maximum a t  pH 5? which corresponds to  th e  d ia n io n ic  
sp e c ie s . In tra m o le cu la r  c a ta ly s is  has been p o s tu la te d  f o r  th e  
r a te  a c c e le ra tio n ?  w ith  th e  form ation  o f m etaphosphate ion? which 
i s  ra p id ly  a tta c k e d  by w a te r. N ucleoph ilic  c a ta ly s is  by th e
Onnnii/iH
w ater
PO, ^  H2PO4
carb o x y la te  group was shown to  be ab sen t. Such c a ta ly s is  was 
d e f in i t e ly  ab sen t in  th e  analogous naphthalene d e r iv a tiv e  (27)9 
which was a lso  ra p id ly  hydro lysed . In  t h i s  l a t t e r  case? nucleo­
p h i l ic  a t ta c k  by th e  neighbouring  ca rb o x y la te  group would sim ply 
reg en e ra te  the  s ta r t in g  m a te r ia l .  Again? th e  mechanism probab ly  
in vo lves d o n a tio n ,o f  a  p ro to n  to  th e  le a v in g  oxygen atom in  th e  
liydro ly s is ?  follow ed by e lim in a tio n  o f m etaphosphate io n .
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A r e la te d  example o f  neighbouring  group a c c e le ra tio n  has been
94-rep o rted  by C lark  and Kirby f o r  the  h y d ro ly s is  o f  th e  e s te r s  o f 
phosphoenol pyruvic a c id . Rapid h y d ro ly s is  to  phosphoenol pyruvate 
occurred  under m ild ly  ac id  cond itions? w hile  in  b ica rb o n a te  b u f fe r  












I t  i s  ag a in  l ik e ly  th a t  in te rn a l  p ro to n a tio n  o f  the  le a v in g  
oxygen atom by the  carboxyl group? follow ed by a t ta c k  o f  nucleo ­
p h i l ic  water? i s  re sp o n s ib le  f o r  t h i s  ra p id  h y d ro ly s is  o f  th e  
monomethyl e s te r .
C a ta ly s is  in v o lv in g  a neighbouring oxime group has been
95rep o rted  by S te in b erg  and h is  co-workers? who showed an a c c e le ra ­
ted  h y d ro ly s is  o f  p -n itro  phenyl phenacyl m ethylphosphonate oxime
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(28) . The h y d ro ly s is  was f i r s t - o r d e r  in  hydroxide io n  and in  
su b s tra te?  and th e  p rod u ctio n  o f  p -n itro  phenol was con cu rren t w ith  




Ç W V i
(28)
between th e  re g io n  pH 3.49  and 4*90 ( h a l f - l i f e  1.34  m inutes) and
gave a so lv en t iso to p e  e f f e c t  o f  1.24*
These workers suggested  th a t  a  w ater-m ediated  a t ta c k  occurred  
in v o lv in g  th e  oxim ate an ion  ( 28) .
They d iscoun ted  d i r e c t  a t ta c k  on th e  phosphorus c e n tre  by th e  
oximate anion? s in ce  the r a te  o f  fo rm ation  o f  th e  ac id  and p - n i t r o -  
phenol were id e n t ic a l .  D irec t a t ta c k  by hydroxide io n  on phospho­
rus? f a c i l i t a t e d  by hydrogen bonding from th e  oxime? was re je c te d  
because o f  th e  la c k  o f in c re a se  in  r e a c t io n  r a te  w ith  more nucleo­
p h i l ic  an io n s .
96B e r lin  and h is  co-w orkers have d esc rib ed  th e  p re p a ra tio n
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o f th e  oximes o f  d ie th y l aroylphosphonatas in  an a lc o h o lic  so lv en t 
w ith  hydroxylamine and a  s l i g h t  excess o f  p y r id in e . T r a n s e s té r i f i ­
c a tio n  was observed a t  room tem perature over a th ree -d ay  p e r io d .
97This i s  to  be compared w ith  p r a c t ic a l  p re p a ra tio n s  by t r a n s ­
e s té r i f ic a t io n ?  which re q u ire  re a c tio n  tim es o f  6 days a t  130^ in  
sealed  tu b e s . Some anohim eric a s s is ta n c e  i s  thus a v a ila b le  f o r  
th e  s o lv o ly s is  o f d ie tl^ r i a ro y l phosphonate oximes.
Pseudo-Rot a t  io n  in  th e  H ydrolyses 
of  Phosphorus Compounds
Westheimer has f u r th e r  developed th e  concept o f  pseudo 
- ro ta tio n ?  which was o r ig in a l ly  advanced as an ex p lan a tio n  o f  th e  
r e s u l t s  ob ta ined  from p h y sica l measurements on f lu o ro  phos pho ranes? 
as a  means o f  c o r r e la t in g  and p re d ic tin g  th e  behaviour o f c y c lic  
phosphorus compounds.
P seu d o -ro ta tio n  i s  an in tra m o le c u la r  exchange fo r  t r ig o n a l  
b ipyram idal s u b s t i tu e n ts  o f  th e  a x ia l  and e q u a to r ia l  p o s i t io n s .
The tran sfo rm a tio n  ta k es  p lace  in  such a  way th a t  the m olecule 
appears to  be ro ta te d  by 90^ about one o f th e  in te ra to m ic  bonds 
(c a lle d  th e  p iv o t) .  The p rocess i s  i l l u s t r a t e d  fo r  the  pseudo 
- r o ta t io n  o f  th e  f iv e -c o o rd in a te  phosphorus compound PABGDE.
The phosphorus atom i s  understood to  occupy th e  c e n tre  o f  th e  
t r ig o n a l  bipyramid? w ith  th e  e q u a to r ia l s u b s t i tu e n ts  B? G and D
88
A
p iv o t 
\  a x is
D-
lin k ed  in  a  t r ia n g le  to  in d ic a te  the e q u a to r ia l  p lan e . A fte r  the  
p seu d o -ro ta tio n s  two o f  th e  e q u a to r ia l s u b s t i tu e n ts  have exchanged 
p o s it io n s  to  become a p ic a l  s u b s titu e n ts s  w h ile  the  th ird s  G, has 
re ta in e d  i t s  e q u a to r ia l  p o s i t io n  by ly in g  on th e  p iv o t a x is .
P se u d o -ro ta tio n  iv il l  f i r s t  be d iscussed  in  r e la t io n  to  s ta b le  
p en taco o rd in a te  phosphorus compounds, and th e n  i t s  occurrence in  
re a c tio n s  where the  t r a n s i t i o n  s ta te  in  a normal b im o lecu lar d isp lao  
ment a t  phosphorus has become an in te rm ed ia te  w ith  a f i n i t e  l i f e t im e
The f lu o r in e  n .m .r . sp e c tra  of the  alky lfluorophosphoranes^
were found to f a l l  in to  two ca teg o rie s?  those  th a t  had
eq u iv a len t f lu o r in e  atoms and those  th a t  had more th an  one kind o f
99f lu o r in e  s ig n a l-  M u e tte r t ie s  and Schm utzler r a t io n a l is e d  th e se  
f a c t s  on the  b a s is  th a t  th e  s tru c tu re s  were tr ig o n a l  bipyram ids 
(s in ce  confirm ed by e le c t ro n  d i f f r a c t io n  e x p e r i m e n t s w i t h  th e  
more e le c tro n e g a tiv e  f lu o r in e  atoms in  a p ic a l  p o s it io n s -
"89
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Not a l lo w e d jd if f e r in g  f lu o r in e  p .m .r .s ig n a ls  
in  r a t io  2 :1 . E q u iva len t proton  sp e c tr a .
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P se u d o -ro ta tio n  would "be allowed f o r  PP^ and CH^PP^? where an a llg rl
group would no t be fo rced  in to  an a p ic a l p o s i t io n  g iv in g  r i s e  to a
s tru c tu re  o f  h ig h e r energy . E q u ilib ra tio n  o f th e  f lu o r in e  atoms
would r e s u l t  in  on ly  one n .m .r» s ig n a l P seu d o -ro ta tio n  would not
be allowed f o r  d i- o r tr ia lk y lp h o sp h o ran es  where such a r o ta t io n
would fo rc e  an a lk y l group in to  an a p ic a l p o s i t io n . Por th e se
l a t t e r  examples? d i f f e r e n t  f lu o r in e  n.m .r* s ig n a ls  were observed?
correspond ing  to  a p ic a l and e q u a to r ia l atom s. E qu ivalen t p ro ton
sp e c tra  were observed. The f a c t  th a t  p se u d o -ro ta tio n  i s  a  fu n c tio n
o f th e  p o la r i ty  o f  th e  su b s titu e n ts?  and no t o f  th e  size? comes from
101th e  n .m .r . spectrum  o f  H^PP^? where a t  low tem pera tu res se p a ra te  
s ig n a ls  were aga in  recorded  f o r  a p ic a l and e q u a to r ia l  f lu o r in e  
atoms. In  a fu r th e r  analogy w ith  m e th y lte tra flu o ro p h o sp h o ran e? the- 
hydrogen atom o f  hydrogente t rafluo rophosphorane? HPP^? l i e s  
e q u a to r ia lly
IQllMany alkyloxyphosphoranes have been sy n th esised  and n .m .r . 
and c ry s ta llo g ra p h ic  s tu d ie s  rep o rted  fo r  oxyphosphoranes co n ta in in g  
a five-membered r in g .^ ^ ^  The so -c a lle d  'p re fe re n c e  r u l e s '  f o r  such 
s t ru c tu re s  have been s ta te d  to  be? (a )  th a t  th e  more p o la r  atoj^s 
occupy a p ic a l  p o s it io n s  and th e  le s s  p o la r  atoms occupy e q u a to r ia l 
p o s it io n s  and (b) th a t  five-membered r in g s  a re  b e s t p laced so as to  
span one e q u a to r ia l  and one a p ic a l  p o s i t io n . I t  i s  a lso  known th a t
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pentaoxyphosphoranes having sa tu ra te d  and u n sa tu ra te d  r in g s  a re  
more s ta b le  th an  th o se  la c k in g  th e  r in g .^ ^ ^
] 07An X -ray c ry s ta llo g ra p h ic  d e te rm in a tio n "  o f  a  phosphorane 
co n ta in in g  a five-membered r in g  (31 ) confirm ed th a t  i t s  p o s i t io n  








The tem peratu re  dependence o f  the n . m. r .  spectrum f o r  some 
c y c lic  oxyphosphoranos has provided f u r th e r  co n firm atio n  o f  th e  . 
p re fe rre d  a p ic a l -e q u a to r ia l  conform ation . The methoxyl pnm.r .  
s ig n a ls  o f  th e  phosphorane ( 32 ) a re  a l l  eq u iv a len t?  even a t  - 100^ .
P seu d o -ro ta tio n  i s  allowed? in  a com plete analogy to  PE 108
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G orenste in  and Westheimer have examined th e  n .m .r .  spectrum  
tem peratu re  dependence of th e  c y c lic  phosphorane (33) • At room 
tem perature? they  found eq u iv a le n t methoxyl s ig n a ls  due to  ready  
pseudo*-rotation in to  th e  two o th e r forms ( 34) and ( 35) .  However? 









e q u a to r ia l ,  were observed of a re a  I s 2 r e s p e c t iv e ly .  T his was taken  
to  be c o n s is te n t vrith th e  m olecule being  locked in to  a t r ig o n a l  
b ipy ram idal c o n f ig u ra tio n  w ith  the  more e le c tro -n e g a tiv e  oxygen atom 
of th e  r in g  ly in g  a p ic a l ly .  At room te m p era tu re s , th e  therm al 
m otions were s u f f i c ie n t  to  overcome th e  b a r r i e r s  to  p lac in g  a carbon
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atom in  th e  a p ic a l  p o s i t io n  ( 34) o r  re q u ir in g  th e  p lane o f  th e  
r in g  to  l i e  d ie q u a to r ia l ly  w ith  a r in g  ang le a t  phosphorus o f  120°
( 35) '  This e q u a to r ia l  p o s it io n in g  o f th e  r in g  has been shown to  
be o f  h ig h e r s t r a i n  energy than  th e  a p ic a l  e q u a to r ia l
c o n f ig u ra tio n  and th e re fo re  can be expected to  be in h ib i te d .
I t  i s  seen th a t  th e  l e s s  e le c tro n e g a tiv e  atom? oxygen (com­
pared w ith  f lu o rin e )?o b ey s  l e s s  r ig id ly  th e  ru le  th a t  i t  should 
occupy an a p ic a l  p o s it io n  in  th e  tr ig o n a l b ipyram id . In  th e  case 
o f  f lu o rin e?  a  s in g le  conform ation was held  a t  a l l  tem pera tu res 
fo r  (OH^)gPE^? whereas f o r  oxygen? p se u d o -ro ta tio n  which p laces  
oxygen e q u a to r ia l ly  and carbon a p ic a l ly  would seem to be allowed i f
th e  therm al energy of th e  m olecule i s  s u f f ic ie n t  to  overcome th e
98b a r r i e r  to  p se u d o -ro ta tio n .
H ydrolysis o f  C yclic  Phosphorus E s te rs
6 8The h y d ro ly s is  o f  five-membered c y c lic  e s te r s  proceeds 10 -10  
tim es more ra p id ly  th an  those  o f  t h e i r  a c y c lic  a n a l o g u e s . T h e  
h y d ro ly s is  i s  g e n e ra lly  ac id  o r  base ca ta ly sed ?  bu t a  m easurable 
r a te  i s  o f te n  ob ta ined  even in  w ate r. Thus? th e  c y c lic  phosphorate
(36) i s  hydrolysed ra p id ly  to  form th e  m ono-ester and spontaneously
in  ac id  o r  a l k a l i  to  form th e  f re e  phenylphosphonic ac id 111
A cc e le ra tio n  o f  th e  h y d ro ly s is  in  c y c lic  phosphorus e s te r s  i s
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only observed in  five-membered r in g s .  The six-membered r in g s  
r e a c t  more n e a r ly  a t  the  r a te  o f th e  a c y c lic  analogue (Table 14 )»







Phosphates^^^ ^^ rel fbostonates^^^
0
0
\ o 3 a/
/ -Q
•0






^ f e l  




Alcsnes and Berge sen have measured the  a lk a l in e  r a te s  o f  h y d ro ly s is  
o f  c y c lic  phosphates and phosphonates and have observed th a t  th e  
phostonate c o n ta in in g  th e  phosphorus atom in  a seven-membered r in g
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was more s ta b le  by a  f a c to r  o f 25 than  the  six-membered r in g .  (A
115phostonate i s  the  name used by Westheimer to  d esc rib e  a c y c lic
pho spho n a te  w ith  one oxygen atom in  th e  r i n g . )  This e x tra  s ta b i ­
l i t y  o f  th e  seven-membered r in g  i s  no t l im ite d  to  phosphonate
113e s te r s  s in ce  Khorana and h is  co-workers have a lso  observed th e
g re a te r  s t a b i l i t y  o f  the  seven-membered c y c lic  phosphate e s te r  
compared w ith  th e  corresponding  six-membered e s t e r .  These workers 
have a lso  dem onstrated th a t  th e  same o rd e r o f  s t a b i l i t y  i s  found in  
th e  f iv e - ,  s ix -  and seven-membered c y c lic  phosphate e s te r s  under 
a c id ic  h y d ro ly s is  c o n d itio n s .
Ring opening re a c tio n s  f o r  th re e -  and four-membered r in g s  
have not y e t been s tu d ie d .
The p o s i t io n  o f  h y d ro ly s is  a lso  v a r ie s  in  th ese  c y c lic  e s te ra .  
2-oxo -2~m ethoxy-l?2-oxaphospholan (Westheimer c a l l s  th i s  compound 
"methyl p ro p y lp h o sto n a te") was hydrolysed in  bo th  ac id  and a lk a l in e
*1 1 jrso lu tio n  w ith  alm ost com plete (> 9 9  <-3?^ ) r in g  opening. The
h y d ro ly s is  o f  2-oxo~2-m e th o x y -l,3?2-d ioxaphospholan ("methyl 
e th y len e  phosphate") was accompanied by ex c lu s iv e  pho spho rus-o^q^'-gen 
f i s s io n  in  a lk a l in e  and ac id  s o lu t io n s . In  ac id  so lu t io n  th e  
compound hydrolysed  w ith  some r e te n t io n  o f  th e  r in g  (p . ^6) .
Rapid exchange o f  ^^0 from enriched w ater accompanied th e  
h y d ro ly s is  o f  2-o x o -2-h y d ro x y -l?3?2-d ioxaphospholan in  ac id  s o lu tio n
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MeOH 4
' 0  OH
(30/»)
a c id  g w ater
y
0
( 70^ ) 
CMe
to  become in co rp o ra ted  in to  th e  s t a r t in g  m a ter ia l»  The r a t io  o f
Ic.
Ï Ï , was about f iv e ?  tmd s in c e  th e  h y d r o ly s is  was about 10^ tim es
f a s t e r  than  th a t  o f  liydrogen d im ethyl phosphate? i t  fo l lo w s  th a t
7th e  oxygen exchange was about 2 x  10 tim es f a s t e r  than th e  
h y d r o ly s is  o f  hydrogen d im ethyl phosphate.
y







C yclic phosphinates a re  only s l ig h t ly  a c c e le ra te d  in  t h e i r  
r a te s  o f  h y d ro ly s is , which a re  comparable w ith  t h e i r  a c y c lic  
analogue s <>  ^ Berge s en and Alcsne s ^ demonst r a t  ed
carbon-oxygen f i s s io n  fo r  th e  ac id  h y d ro ly s is  o f  c y c lic  phosphi­
n a te s  « The r a te s  o f  h y d ro ly s is  o f 2-o x o -2~ethoxy phosphoIan and 
e th y l d ie th y lp h o sp h in a te  were s im ila r  and no in c o rp o ra tio n  o f  ^^0 
la b e l was found in  th e  c y c lic  e s te r ,  a f t e r  i t  had been b o ile d  in  
a c id if ie d  a c e to n i t r i l e  c o n ta in in g  enriched  w ate r.
The r a te s  o f  h y d ro ly s is  o f  th e  c y c lic  e s te r s  a re  compared 
(Table 1$ ).














W estheimer and h i s  a s s o c ia t e s  r a t io n a l is e d  th e se  exp erim en ta l
r e s u l t s  hy in v o k in g  p se u d o -r o ta tio n  o f  a f iv e -c o o r d in a te  i n t e r -
105m ed iate , su b je c t  to  fou r c o n d it io n s : -
(a )  I t  i s  e n e r g e t ic a l ly  u n favourab le  fo r  a carbon atom to  
occupy an a p ic a l  p o s i t io n .
(b ) I t  i s  e n e r g e t ic a l ly  favou rab le  fo r  a five-m em bered r in g  to  
occupy an a p ic a l- e q u a to r ia l c o n f ig u r a t io n .
(c )  P seu d o-ro t a t io n  o n ly  o ccu rs  i f  th e  above two c o n d it io n s  
are f u l f i l l e d .
(d ) Groups e n te r  and le a v e  from a p ic a l p o s i t io n s .
The f i r s t  two c o n d it io n s  are su ggested  by th e  behaviour o f  
th e  oxypho sphorane s a lrea d y  d iscu sse d  and th e  fo u r th  from th e  
p r in c ip le  o f  m icro sco p ic  r e v e r s i b i l i t y .  P a r a l le l  r a te  in c r e a s e s  ' 
fo r  ^^0 exchange w ith  the so lv e n t  and fo r  e s t e r  liy d r o ly s is  w ith  
2 -o x o -2 -h y d ro x y ~ l,3 s2 -d io x a p h o sp h o la n  show th a t  th e  w ater le a v in g  
group ( f o r  exchange) and th e  e s t e r  le a v in g  group ( fo r  h y d r o ly s is )  
must occupy e q u iv a le n t  p o s i t io n s .
The p en ta co o rd in a te  in term ed ia te  formed in  th e  a c id  h y d r o ly s is  
o f  2 -o x o -2 -m e th o x y -l,3?2-d ioxap hosp holan  undergoes p se u d o -r o ta tio n  
to  f u l f i l  th e  exp erim en ta l demands made on i t  in  th e  product 
a n a ly s is .  Rapid h y d r o ly s is  exo t o ,  or in ,  th e  r in g  can occu r  
w ithou t any o f  th e  c o n s tr a in ts  th a t carbon atoms cannot be p laced
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a p ic a l ly  o r th e  r in g  d ie q u a to r ia l ly  being  v io la te d  (Scheme 8 , 
page lOO).
The in te rm ed ia te  in  th e  h y d ro ly s is  o f  2-o x o -2-raethoxy 
- 1 , 2-oxaphospholan cannot r e a d i ly  undergo p se u d o -ro ta tio n  to  allow  
th e  methoxyl group to  leav e  from an a p ic a l  p o s i t io n , w ithou t th e  
r in g  being  in  a  d ie q u a to r ia l  co n fig u ra tio n  o r  a  carbon atom being  
fo rced  in to  an a p ic a l p o s i t io n .  The only  p e rm iss ib le  r e a c t io n  i s  
o f  rap id  r in g  liy d ro ly s is , which i s  in  accord w ith  the  observed 
> 99 r in g  opening and < 0 . 2^  exocyclic  h y d ro ly s is  (Scheme 99 
page 101) .
The r a te  o f r e a c t io n  o f  c y c lic  phosphinate  e s te r s  i s  expected 
to  be low, s in ce  th e re  i s  no way in  which to  form a  t r ig o n a l  
b ipyram idal in te rm e d ia te  of low energy, v/hereby the  e s te r  m oiety 
could leav e  from an a p ic a l  p o s itio n -  The r in g  angle must e i th e r  
be expanded to  a 120^ d ie q u a to r ia l  co n f ig u ra tio n  o r an a lk y l group 
be p laced in  an a p ic a l p o s i t io n .  Although n e i th e r  o f  th e se  i n t e r ­
m ediates i s  fo rb id d en , th e  form ation  o f e i th e r  w ill  n e c e s s a r i ly  be 
accompanied by an in c re a se  in  energy and a consequent drop in  r a te -
G orroboration  of th e  fe a tu re s  o f  W estheim er's h y p o th esis  comes 
from m olecu lar o r b i ta l  c a lc u la t io n s  on c y c lic  and a c y c lic  e s te r s  
made by Boyd.^^^ R in g -s tra in  in  the five-membered r in g  o f
2-oxo -2-m e th o x y -l,3, 2-d ioxaphospholan r e s u l t s  in  a lowered
loo
Scheme 8.Pseudo-Rotation for the Hydrolysis of 2~0xo-2-Methoxy
1,3,2-Dioxaphospholan ( Methyl Ethylene Phosphate
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Scheme 9. Pseudo ""Rotation for the Hydrolysis of 2-0xo^2-Methoxy
-1,2-Oxaphospholan ( Methyl Propylphostonate )
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occupation  o f  th e  phosphorus 3d o r b i ta l s  « The r e s u l ta n t  de­
sh ie ld in g  o f  th e  phosphorus nucleus then  accounts fo r  th e  h igh  r a t e  
o f n u c le o p h ilic  a ttack»  The low est c a lc u la te d  a c t iv a t io n  en e rg ies  
were those  o f  a  system in  which th e  n u c leo p h ile  approaches th e  
e s te r  on the  backside o f one o f the r in g  phosphorus-oxygen bonds, 
This bond len g th en s to  become an a p ic a l bond in  a t r ig o n a l  b ip y ra ­
midal in te rm ed ia te»  P seu d o -ro ta tio n  occurs when th e  pho spho r y l  
group rem ains in  an e q u a to r ia l  po sitio n ?  i »e ,  serves as th e  p iv o t 
bond. The eipical oxygen bonds a re  the  most r e a d i ly  p ro to n ated  and 
a f t e r  th e  le a v in g  group has departed  from th e  phosphorus atom? th e  
lo c a l  geom etry re la x e s  tow ards te tra h e d ra l»
I t  i s  n o t necessary  to  p o s tu la te  f iv e -c o o rd in a te  in te rm ed ia te s  
in  the  a lk a l in e  hydro lyses o f  th e  e s te rs»  The la ck  o f exchange o f 
oxygen? ^^0? under a lk a l in e  co n d itio n s  fo r  2-o x o -2-methoxy 
- 1 ?3?2-dioxaphospholan  i s  probably due to  th e  low er s t a b i l i t y  o f  a 
n e g a tiv e ly  charged in te rm ed ia te?  which g iv es  r i s e  to  d i r e c t  
b im oleou lar d isplacem ent v ia  a  t r a n s i t io n  s t a t e  and no t a s ta b le  
in te rm e d ia te ,
(37) ( 3 8 )
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Aksnes and Bergesen have shown th a t  th e  g re a te r  r a te  o f the
h y d ro ly s is  o f  th e  oxaphospholan (37) compared w ith  the  phospholan
(38) a r i s e s  from a more favo u rab le  entropy o f  a c t iv a t io n .  The
entropy d if fe re n c e  corresponds to  a  r a te  f a c to r  o f  about 10^^ w hile
th e  d if fe re n c e  in  th e  a c t iv a t io n  en e rg ies  corresponds to  a r a te
f a c to r  o f 50» They a s c r ib e  th e  more fav o u rab le  entropy to
112so lv a tio n  and s t e r i c  e f f e c t s .
119Kugel and Halmann considered  th a t  th e  h igh  n eg a tiv e  v a lu e  
o f  th e  a c t iv a t io n  entropy in  th e  a lk a lin e  h y d ro ly s is  o f g lyoero  
- l ? 2-o y c lio  phosphate? to g e th e r  w ith  the  la c k  o f  r e a c tio n  a t 
pH 3- 10? in d ic a te d  a  t r a n s i t io n  s ta te  which la y  in  th e  bond-form ing 
s ta g e . The im p lic a tio n  o f  th is ?  then? i s  th a t  th e  r in g  i s  
s u b s ta n t ia l ly  in ta c t  du rin g  th e  t r a n s i t io n  s t a t e .
The S p ec ia l R e a c tiv ity  o f  five-membered Rings
G enerally? five-membered r in g s  a re  formed more r e a d i ly  th an
six-membered rings? a lthough  th e  l a t t e r  a re  more therm odynam ically
s ta b le .  Por example? the  r e a c t io n  o f g ly c e ro l phosphate in  the
presence o f a condensing agent? d icyolohexylcarbodiim ide (iCG)?
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In  many cases?  th e  form ation  o f  th e  r in g  i s  im m ediately
fo llo w ed  by r in g  op en in g . Phosphate t r i e s t e r s  w ith  n eigh b ou rin g
hydroxyl groups lo s e  one e s t e r i f y in g  group a t room tem perature
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122The a lk a l in e  h y d r o ly s is  o f  r ib o n u c le ic  a c id  a ls o  fo llo w s
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The O rig in  o f  th e  R e a c tiv ity  o f  Pive-membered Rings
Westheimer and h is  co-w orkers have proposed th a t  th e  s t r a i n
in h e ren t in  five-membered r in g s  f a c i l i t a t e s  th e  form ation  o f a
l l 6t r ig o n a l  b ipyram idal in te rm e d ia te . The n a tu re  o f  t h i s
s t r a i n  has been a t t r ib u te d  e i th e r  to  th e  e f f e c t s  o f  angle s t r a i n  
in  the  r in g  o r to  th e  2p -3d 7r  c h a ra c te r  o f  th e  r in g  phosphorus- 
oxygen bonds.
A c a lc u la te d  v a lu e  o f  th e  s t r a in  energy o f  2-oxo~2-methoxy 
- 1 ?3?2-d ioxaphospholan  was ob ta ined  by W e s t h e i m e r ? w h o  
minimised th e  energy w ith  re sp e c t to  a l l  p o ss ib le  v a r ia t io n s
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in  th e  bond a n g le s . The c a lc u la te d  OPO ang le  ob ta ined  was
l a t e r  shown to  be in  e x c e lle n t agreement w ith  th e  experim ental
123value from th e  X -ray c ry s ta llo g ra p h ic  s t r u c tu re  d e te rm in a tio n
o f th e  c y c lic  phosphate e s t e r .
The magnitude o f  th e  r e l i e f  o f  s t r a i n  in  form ing th e
t r a n s i t io n  s ta te  depended on th e  ab so lu te  v a lu es  o f  th e  bond
fo rc e -c o n s ta n ts  chosen? b u t was determ ined to  l i e  in  th e  range
3-6  K oals ./m o le . The v a lu e  o f  th e  s t r a i n  energy has been
ex p erim en ta lly  es tim ated  by comparison o f  th e  h e a ts  o f h y d ro ly s is
o f  2-0xo-2-m ethoxy-l; 3 ) 2-dioxaphospholan and tr im e th y l phosphate
o r  d im ethyl hydroxyethyl phosphate? where th e  d if fe re n c e  i s
about 5-6  K oals ./m o le .
The r a te  o f  a lk a l in e  h y d ro ly s is  o f  2-o x o -2-4nethoxy-l ? 39
2-dioxaphospholan  exceeds th a t  o f tr im e th y l phosphate by a  f a c to r
o f about 10^? which corresponds to  a  f re e  energy o f  a c t iv a t io n
d if fe re n c e  o f  about 8*5 K oals ./m o le . The d if fe re n c e  in  th e
energy o f  a c t iv a t io n  fo r  th e se  two hydro lyses i s  comparable
(7*5 K oals./m ole)? but bo th  f ig u re s  exceed th e  therm o-chem ical
d if fe re n c e  in  energy o f 5-6 K oals./m ole? which i s  a t t r ib u te d  to
r in g  s t r a i n .  The l a t t e r  th e n  provides most? bu t no t a l l?  o f
th e  ex p lan a tio n  f o r  th e  ra p id  re a c tio n  o f c y c lic  phosphates.
119Kugel and Halmann have questioned  W estheim er's
107
98advocacy o f  r in g  s t r a i n  as  th e  d riv in g  fo rc e  fo r  th e
hydrolyses? and suggested  th a t  s p e c if ic  k in e t ic  e f f e c ts  were
o p e ra tiv e . They found th e  r a te  o f  h y d ro ly s is  o f
g ly c e ro -1 ? 2- o y c l ic  phosphate was very  slow in  th e  absence o f
ac id  o r  base  c a ta ly s i s .  They argued th a t  i f  r e l i e f  o f  r in g
s t r a i n  was im portant? th en  th e  h y d ro ly s is  should be ra p id  a t  a l l
125pH. These workers favoured th e  proposal o f  C o llin  th a t  f o r
c y c lic  phosphorus e s te rs?  th e  r e a c t iv i ty  was due to  th e  g r e a te r
e l e c t r o p h i l i c i ty  o f  phosphorus? which was in h e re n t in  th e
reduced n e t c a lc u la te d  e le c tro n ic  charge . In  support o f
t h e i r  view? they  po in ted  to  th e  very  much low er v a lu es  o f  th e
en e rg ies  o f  a c t iv a t io n  f o r  th e  c y c lic  e s te r s  compared w ith  th e
a c y c lic  analogues.
Boyd has confirm ed th a t  th e  phosphorus atom in  c y c lic
t r i e s t e r s  i s  more p o s i t iv e  th an  in  comparable a c y c lic  d i -  and
126t r i e s t e r s .  Hewton? Cox? and B ertrand made a s im ila r  
suggestion  th a t  in  five-membered c y c lic  phosphates? one o f  th e  
phosphorus d o r b i t a l s  i s  no t used in if -b o n d in g  and th e  a v a i la b i r  
l i t y  o f  such an o r b i ta l  f a c i l i t a t e d  bo th  th e  n u c le o p h ilic  a t ta c k  
a t  phosphorus? as w ell as th e  fo rm ation  o f  th e  pentaoxyphospho­
rane? which re q u ire s  sp^d h y b r id is a tio n .
127Hudson and Greenhalgh have d iscu ssed  th e  p o s s ib i l i t y
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th a t  th e  g r e a te r  r e a c t iv i t y  o f c y c lic  phosphoram idites tow ards 
n u c leo p h ile s  may a r i s e  from th e  g re a te r  a c c e s s ib i l i ty  o f  th e  
phosphorus atom. In  oases where the  phosphorus atom a c ts  
e le c t ro p h i l ic  a l l y , sp^d h y b r id is a tio n  o f  th e  phosphorus atom 
should le a d  to  a  la rg e  re d u c tio n  in  th e  bond angle a t  phosphorus 
w ith  a  consequent a c c e le ra t io n  o f  th e  r e a c t io n  r a t e .  This was 
confirm ed ex p erim en ta lly  by th e  re a c tio n  w ith  phenyl iso cy an a te  5 
where an in tra m o le c u la r  n u c le o p h ilic  a t ta c k  on phosphorus
2 3occurred  more r e a d i ly  f o r  th e  c y c lic  e s te r  by a  f a c to r  o f  10 -10
128In  a  l a t e r  paper^ th e se  au th o rs  have o a s t doubt on the  
v a l id i ty  o f  r in g  s t r a i n  a s  th e  d r iv in g  fo rce  g because o f  th e  
s im ila r i ty  o f  th e  h e a ts  o f  h y d ro ly s is  f o r  c y c lic  and a c y c lic  
phosphoram id ites. Evidence fo r  r in g  s t r a i n  in  th e  phosphorami- 
d i te  (39) was provided by th e  o b se rv a tio n s  o f  i t s  g re a te r  
r e a c t iv i t y  (x I40 ) to  th e  phosphoram idite (40) and i t s  slow, 
r e v e r s ib le  p o ly m erisa tio n  a t  room tem p era tu re .
'Ox








The origin of the strain was attributed to conjugation between 
the phosphorus atom and the aromatic ring? which changed the 
hybridisation at the phosphorus atom.
Ring strain has been thought to be responsible for the 
enhanced reactions of phosphinates contained as part of a more 
tightly constrained ring than a five-membered ring. Westheimer 
and his colleagues reported that a cyclic phosphinate ester 
held in a bridge-head position (4 1) was more rapidly hydrolysed 
than the analogous five-membered ring* The first ester group 
(4 1) was hydrolysed more rapidly ( >3 % 10"~^  l.mole*~^ seo."*^ )
compared with the second ester moiety (l x 10 ^ 1 .mole ^sec.
in the same molecule or 2-oxo-2-ethoxy phospholan (9 x 10 ^





Rapid oxygen exchange has been reported by Samuel and 
Silver in the strained phosphine oxide (42)5 where by contrast 
most phosphine oxides exchange sluggishly ? if at all. West- 
heimer^^ has proposed that the increased reactivity of the 
phosphorus atom held in a bridge-head position results from the 
greater relief of strain, which exceeds the barrier to placing an 
alkyl group in the axial position of a pentaooordinate 
intermediate.
Further acceleration of hydrolysis has been observed by 
Trippett and Hawes in the phospha-cyolobutan esters (43) and (44) » 
The rate of hydrolysis of the pentametliyl substituted ester was 
comparable with non-hindered acyclic derivatives and this was 
thought to represent a balance between acceleration due to ring 
strain and retardation due to steric hindrance. In support of 
this, Trippettand Hawes showed that the rate of hydrolysis of the 
trimethyl substituted ester (44)9 where the steric hindrance by 
the flanking methyl groups is reduced, was more rapid by a factor 







Pseudo-Rot a t io n  and in te r m e d ia te s  c o n ta in in g  Five-lvTern'berecl.
Rinp;s lormod by I n i t i a l  In tra m o lecu la r  A ttack
The e x is t e n c e  o f  f iv e -c o o r d in a te  in te r m e d ia te s  has been  
p o stu la te d  in  compounds capab le  o f  in tr a m o le cu la r  a tta c k  in  ord er
131to  exp la in  th e  obsorvocl course o f the  reac tio n *  Earner'
dem onstrated th a t  th e  r e a c t io n  o f  a p h osp h oro th ioa te  e s t e r  (4 3 ) 
w ith  e th y le n e  o x id e  le d  to  concom itant y i e l d s  o f  e th y le n e  su lp h id e  
( 70 /^0) and sodium m ethyl N-oyolohe:xyl pho spho ram idatq (4 6 ) in  03><? 





• ^ A Hm .
%
(4 5 ) MeO
pseudo­
r o ta t io n /
.0X  - Hm, 0S[CEg]gO RN Me'
(46) ( 4 7 )
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The concurrent yield of the phosphoramidate with ethylene 
sulphide required the formation of the ester (47)? which would 
lead to the 0-phosphoryl ester and thence to the products. The 
S-phosphoryl ester, formed by the initial attack of the 
phosphorothioate ester on the epoxide, was postulated to be 
converted to the 0-pho spho ryl ester via a five-coordinate 
intermediate (4?)? in which pseudo-rotation occurred at a faster
rate than expulsion of methoxide ion.
132Prank and Usher have used pseudo-rotation to explain 
the balance of reaction between two available pathways for 
dimethyl phosphoroacetoin (48) and the related methylphosphono- 
acetoin (49)* Under basic catalysis, the carbonyl group 
transforms to a gem diol which, on deprotonation, attacks the 
phosphorus atom to yield a five-membered ring intermediate.
The products formed are shown overleaf.
The change-over in preferred pathv/ay was a result of the 
200-fold decrease in the rate of path (b) for the methylphos- 
phonoaoetoin (49)* This inhibition was explained by the 
restrictions that pseudo-rotation placed on the five-coordinate 
intermediate, together with the preferred equatorial configuration 
of the phosphoryl group. (Scheme 10.)
The pentaooordinate intermediate (50) resulted from apical
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GH .^GO.OHOH^
I  Q .—"sT*^ methanol
MeO-'  ^ XMe .. b sefo CIL.C0.0H(0H)0H, + (M eO)^^"
(48)
OH,-CO-CHOH,j  t Û
MeO-^ ^ M e  b
93^ methanol
^ 0  GH^-00*CH(0H)CH^ + MeO*MePO“
(49)
a t ta c k  "by th e  gem d io l .  Loss o f  methoxide io n , pathway ( a ) ,
could occur w ithout any o f  th e  c o n s tra in ts ,  th a t  th e  r in g  l i e
a x ia l ly - e q u a to r ia l ly  o r  th a t  a  carbon atom l i e  a p ic a l ly ,  be ing
v io la te d . î b r  pathway (b ) , p se u d o -ro ta tio n  was n ecessary  f o r
th e  r in g  to  le av e  from an a p ic a l  p o s i t io n . There a re  no such
r e s t r a i n t s  f o r  th e  phosphoroaceto in  (50 1 ft=OMe) and (b) was
observed to  be th e  m ajor pathway. However, f o r  th e  m ethylphos-
phonoaoetoin ( 5O; IWVIe) th e re  i s  a  v io la t io n  o f  th e  c o n s tra in t
th a t  a  carbon atom cannot be placed a p ic a l ly  and so pathway (b )
should , as was ex p erim en ta lly  v e r i f ie d ,  be in h ib i te d .
Complementary evidence fo r  th e  five-membered in te rm e d ia te
133has been provided by Brown and # rearso n  in  t h e i r  study  o f  




































CH^ CO•CH(OH)Me MeHC—  C(OH)CHg
0A"MeC/ ^R b
■Me
Scheme 1 0 ,
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to  a o e to in  and d ia lk jr l phosphates. They d isc u ss  sev e ra l p o ss ib le  
pathways f o r  th e  fo rm ation  o f  th e  p ro d u c ts , b u t conclude th a t  in  
aqueous s o lu t io n  th e  only  mechanism com patib le w ith  t h e i r  
experim ental o b se rv a tio n s  i s  an in tra m o le c u la r ly  formed 
f iv e -c o o rd in a te  i n cerm ed ia te .
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The M einff o f  Phosphy la te d  Aoetyl O h o lin este rases
I t  has been f irm ly  e s ta b lish e d  th a t  th e  in h ib i t io n  o f  a c e ty l 
c h o lin e s te ra s e s  and r e la te d  enzymes by organophosphorus compounds 
i s  due to  phosphy la tion  a t ,  o r  n ea r, th e  a c tiv e  s i t e  o f  th e  enzyme 
m olecule. The evidence f o r  d ir e c t  phosphy la tion  i s  bo th  
s to ic h e io m e tr ic  and k in e t ic .
The in h ib i t io n  can be rev ersed  by liy d ro ly s is  to  th e  f r e e  
enzyme u s in g  powerful n u c le o p h ile s , such as oximes. In  some 
ca ses , an  i n i t i a l  rap id  r e a c t iv a t io n  o f  th e  in h ib i te d  enzyme i s  
follow ed by l i t t l e  change in  th e  degree o f  r e a c t iv a t io n .  The 
change th a t  occurs in  th e  enzyme, to  a  form which cannot be
1*3Cre a c tiv a te d , i s  termed "a g e in g " .
T b rth e r re se a rc h  rev ea led  th a t  ageing  in  th e  case o f  a c e ty l 
c h o lin e s te ra s e s  (ChE*OH) was caused by d e a lk y la tio n  o f  th e  
phosphylated enzyme by ac id  c a ta ly s is ,  p o ss ib ly  from a  p ro tonated
“j n ^sp ec ies  in  th e  enzyme. Berends and h is  co-w orkers found th a t
isopropanol was produced when d iiso p ro p y l p h o sp h o ro flu o rid a te -  
- in h ib i te d  p se u d o -c h o lin es te ra se  "aged".
B e a lk y la tio n  o f  th e  phosploylated enzyme can occur (a )  by 
b im oleou lar a t ta c k  by a  n u c leo p h ile  on th e  a  carbon o f th e  a lk y l 
group, o r  (b) by un im o lecu lar f i s s io n  o f  th e  a lk y l oxygen bond to  
y ie ld  a carbonium io n  and a  phosphylate a c id  an ion .
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RO y P  I n h ib i t io n  RO
+ OhB.OK ----------------- >
Me'^ Me*  ^ ^O.GhD
RgO:NO"
R e a c tiv a tio n
RO .0
"0^ yO  OhB'OH + Me^ ^ H îO îL
Me-^^OChB
( r e s i s ta n t  to  R^GsHO )
Ageing o f phosphylated enzymes ooours more r e a d i ly  w ith  
secondaiy a lk y l groups th an  those  w ith  prim ary a lk y l g roups. The 
low er r e a c t iv i t y  o f  secondary as compared w ith  prim ary a lk y l 
groups tow ards b im o lecu lar r e a c tio n  w ith  n u c le o p h ilic  re a g e n ts  
has been confirm ed in  th e  d e a lk y la tio n  o f  prim ary and secondary 
diaR<yl m ethylphosphonates w ith  s tro n g  n u c leo p h ile s  ( l  and
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In  a  s tudy  designed to  draw a  com parison between th e
r e la t iv e  r a te s  o f  h y d ro ly s is  o f d ia lk y l m ethyl phosphonat es a t  100®
in  50^ aqueous dioxan co n ta in in g  benzenesulphonic ac id  (iR ) and
th e  r e l a t i v e  r a te s  o f  ageing o f  phosphonylated a c e ty l c h o lin e s -
135te r a s e s ,  Cadogan and h is  co-w orkers found a  q u a l i ta t iv e  
correspondence between th e  two s e ts  o f  r a t e s .  Such a co rrespon­
dence, coupled w ith  un im o lecu lar f i s s io n  in  th e  sim ple
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phosphonateSÿ^^^^^^^^^ was b e liev ed  to  p o in t to  carbon-oxygen 
f i s s io n  in  th e  ^^ageing” p ro cess  o f  phosphonylated enzymes.
Programme o f  Research
139Cadogan and Maynard had p rev io u s ly  in v e s tig a te d  th e  
r e a c t io n  o f  e th y l hydrogen methylpho sphonate w ith  p -n itro b en zo - 
n i t r i l e  o x id e . T his system was s tu d ied  as  a  p o te n tia l  means o f  
r e a c t iv a t in g  "aged" enzymes.
The 1 s i adduct o f  p -n i t r o b e n z o n i tr i le  oxide and e th y l 
hydrogen m ethylphosphonate ^  e th y l oc-hydroxyimino p -n itro b en zy l 
m ethylphosphonate, re p re se n te d  a model system where th e  "aged" 
enzyme was r e a lk y la te d , w ith  the  concom itant fo rm ation  o f  an 
oxime m oiety  in  c lo se  p rox im ity  to th e  phosphorus atom. Cadogan 
and Maynard observed extrem ely  ra p id  h y d ro ly s is  o f  th e  adduct to
7y ie ld  e th an o l a t  pH 2-3*5? w ith  anchim eric a s s is ta n c e  o f  2 x  1 0 ’ 
tim es compared w ith  the h y d ro ly s is  o f a sim ple phosphonate, e th y l 
p -n itro p h en y l m ethylphosphonate. The r a te  decreased  a f t e r
pH 3*5? and in c re a s in g  q u a n t i t ie s  o f  p - n i t r o a n i l in e  were formed.
In  view  o f th e  re lev an ce  o f such a  system  to  th e  r e a c t iv a ­
t io n  o f  "aged" enzymes and o f  th e  most i n t e r e s t i n g  r a te  a c c e le ra ­
t io n  observed , a  more d e ta i le d  study o f  t h i s  r e a c t io n  was c a lle d  
f o r .  This involved v a r ia t io n  o f th e  su b s titu e n d s  a t  phosphorus
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and ex ten sio n  o f  th e  r e a c t io n  in to  so lu tio n s  o f  g re a te r  pH.
As a  supplement to  work a lread y  in  p ro g re ss  in  t h i s  
d e p a r t m e n t , t h e  h y d ro ly s is  o f  e th y l p in ao o ly l m ethylphosphonate 
was s tu d ie d , p a r t ic u la r ly  to  in d ic a te  th e  occurrence o f a 
un im olecu lar h y d ro ly s is  hy observ ing  w hether o r  no t carbon-oxygen 
f i s s io n  occurred  o
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P roton  M agnetic Resonance Spectroscopy
A Perkin-B lm er Model R-10 n u c lea r m agnetic resonance spec­
tro m e te r , o p era tin g  a t  a frequency of 60 MHz. and a probe 
tem perature of 35*5^, was u sed . Chemical s h i f t s  a re  reco rded  as 
ta u  (t ) v a lu es  in  p a r t s  per m il l io n , r e l a t iv e  to  te  t r  amethyl s i  lane 
('T'lOaO) as in te r n a l  s tan d a rd .
E lem ental A nalyses
M icroanalyses were performed by W eiler and S tra u s s , Oxford, 
and by l î r .  J .  Bews, U n iv e rs ity  of S t .  Andrews.
Other in s tru m en ts  were used which a re  d esc rib ed  in  the 
experim ental s e c tio n  of P a r t  I  above.
S o lv en ts and P u rif i c a t io n  of Mat e r i a l s
31cDioxan was p u r i f ie d  by the method of Vogel. Methylene
c h lo r id e , ch loroform , and carbon te t r a c h lo r id e  were d r ie d  by r e f lu x -  
ing over phosphorus pen tox ide b efo re  f r a c t io n a t io n .  D ie th y l e th e r ,  
r e f e r re d  to  as e th e r ,  was d r ie d  by stand ing  over sodium w ire and 
f r e s h  w ire added a f t e r  a week. L igh t petroleum  (b .p , 40-60®), 
r e f e r re d  to  as p e t r o l ,  was d r ie d  over sodium w ire .
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Amines were d r ie d  by stand ing  over potassium  hydroxide 
p e l l e t s ,  b e fo re  f r a c t io n a t io n  from f re s h  p e l l e t s .  A lcohols were 
d r ie d  by re f lu x in g  over calcium  liydride b e fo re  d i s t i l l a t i o n ^  
Neopentyl a lco h o l and p in aco l were d r ie d  by stand ing  in  e th e r  
so lu tio n  over magnesium su lp h a te .
The S yn thesis of th e  1 :1  Adducts of p-N itro b e n z o n itr i le  
oxide and the Phosphorus Acids
p-Nitrobenzhydroxam oyl C hloride
The oxime of p -n itrobenza ldehyde was p repared  by the  method 
of Vogel and c r y s ta l l i s e d  from aqueous e th a n o l. The liydroxa- 
moyl ch lo rid e  was p repared  by c h lo r in a tio n  of th e  oxime (m.p. 128®) 
in  chloroform  so lu tio n  a t  -10® using dry c h l o r i n e , a n d  
c r y s ta l l i s e d  from benzene (m .p, 125-126®). B ia n c h e tti  and h is  
co-w orkers re p o r te d  116®.
p-N itro b e n z o n itr i le  Oxide
The hydroxamoyl c h lo rid e  (8 g , ) ,  in  dry e th e r  so lu tio n  
(200 m l . ) , was t r e a te d  w ith  an equim olar q u a n tity  of tr ie th y la m in e  
(4*5 g") a t  0®, v /ith  v igorous m echanical s t i r r i n g .  The p r e c ip i ta te  
was washed thoroughly  w ith  w ater to  remove base  hydroch lo ride  and 
the  rem aining lig h t-y e llo w  n i t r i l e  oxide d r ie d  re p e a te d ly  over 
phosphorus pen tox ide under h igh  vacuum, u n t i l  th e  i . r .  spectrum
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showed an absence of hydroxy lie  s tre tc h in g  fre q u en c ie s  a t  3500 cm.^
The m.p. depended on the  r a t e  of h e a tin g . Thermal d im eriza -
t io n  to  th e  furoxaii (m .p. 185-195^) sometimes occurred  on slow
142heating* Grundmann g iv es  m*p, fo r  th e  d i-p -n itro p h e n y l furoxan 
as 199-201®, Rapid h ea tin g  of the  n i t r i l e  oxide gave m.p, 93°* 
Grundmann g iv e s  m .p, 95^»
P hosphorus-con tain ing  Compounds
Alkyl m ethylphosphonochlor id a te s
These were in  g e n e ra l p repared  by adding th e  a lcoho l ( l  mole) 
w ith  tr ie th y la m in e  ( l  mole) to  a v ig o ro u sly  s t i r r e d  so lu tio n  of the  
m ethylphosphonio d ic h lo r id e  ( l  mole) (k in d ly  su p p lied  by CoD.E.E, 
Porton  Down) in  e th e r  a t  0®, A fter th e  a d d itio n , the  so lu tio n  was 
allow ed to  warm to  room tem p era tu re , the  base hyd roch lo ride  f i l t e r e d  
o f f ,  and th e  o h lo r id a te  ob ta ined  by d i s t i l l a t i o n  under reduced 
p re s s u re . The method of Cadogan was used fo r the  p re p a ra tio n  
of p in a c o ly l m ethylphosphonochloridate (Table l 6 ) .
Other C h lo rid a te s
D ie th y l phosphorooh lo ridate  v/as p repared  by c h lo r in a tin g
r e d i s t i l l e d  d ie th y l  phosph ite  a t  -10® in  carbon te tr a c h lo r id e  
147s o lu t io n . The ph,ysical co n s tan ts  a re  re p o rte d  in  Table 16,
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TABLE 16! P h y sica l O otistaats of Some Phosphyl C h lo rid a te s ,
r ' e p (P )c i
H h .p ,  /ram. R e fra c t- Reported Values R efe r­ivG index b op.*^/mm.,
18
ence
OMe Me 54/4 *1 .432 2 73/ 2 2 , 1.4395 144
OEt Me 44/ 2 .5 1 .4 3 2 0 32/ 1 , 1 . 43,85 144 ,145
OPr Me 5 2 /2 1 .4 3 2 0 94/215  1 .4 3 7 8 144
OPr^ Me 44/ 0 .5 1 .4 2 9 0 83/ 2 2 ,**1 .428 5 144
OOHgoBu*^ Me 6 8 /1 1 .4309 51/ 0 .0 8 146
OCme.Bu"^ Me 52/ 0 .0 1 **1 .4 413 52- 54/ 0 . 0 2 , 1 .4 4 3 0 143
OEt Ph 98/ 0 .0 5 1 .5 3 6 8 103 / 0 .3 145 ^
OEt OEt 80- 81/9 1 .4143 93- 9 5 /1 8  - 147
OEt Bu^ 32/ 0 .5 1 .4 3 5 2 new compound




53/ 1 .9 , 1 . 4357*
0
148
23° + *  25°
Eth y l  t-bu ty lphosphonoch l or i d a te s ICinnear a n d P e r re n ’ s 
method was used to  p rep are  t-hu ty lp h o sp h o n ic  d io h lo r id e , a v io le t  
s o lid  w ith  a s trong  e u o a ly p tu s - lik e  odour* The crude p roduct was 
sublimed (llO®/7 oms.) and had m .p. 112®, Kinnear re p o rted  m.p, 
110®.
Btl%yl t-h u ty lp h o sp h o n o o h lo rid a te  was prepared  by adding sodium 
e thox ide (80 m .moles, 5*44 g«) in  su sp e n s io n -so lu tio n  ( l 50 ml.
1 2 6
benzene) to  th e  above-prepared d ic h lo r id e  ( l2 .9  g . , 74 m .m oles), 
w ith  v igorous m echanical s t i r r i n g  in  re f lu x in g  benzene during  one 
h o u r0 .After removal of benzene, the  e th e r  so lu tio n  was f i l t e r e d  
through h y flo -su p e ro e l and th e  product ob ta ined  by d i s t i l l a t i o n  
( fa b le  l 6 ) 0 (Pounds C, 38.6 ; H, 7 * 8 .  C^H^^CIO^P r e q u ire s  
0 , 39 .0 ; H, 7 .6 # .)
E thy l isoprop.v lphosphonoohloridates The o h lo r id a te  (Table l6 ) 
was p repared  analogously  from isopropylphosphonic d ic h lo r id e  
(b .p . 75-76®/23 mm. Clay re p o rted  76®/23 mm.) w ith  a sh o r te r  
r e f lu x  tim e of ^  hour.
D ie th y l e thylphosphonate
The e s te r  was ob ta ined  by d i s t i l l a t i o n  from the  Arbusov 
re a c tio n  betv/een e th y l io d id e  and t r i e t h y l  p h o s p h i t e , b . p .  75-79^ 
/B mm.; n^^ , 1.4137* Pord-Moore re p o rte d  62®/2 mm.; n^^ ,
1.4172.
E thy l d ie th y lp h o sp h in a te
152K osolapoff and Watson’s method using  th iophosphory l
c h lo rid e  and e th y l magnesium bromide gave poor y ie ld s  (3#) of th e
s i lv e r  s a l t  of d ie th y lp h o sp h in ic  a c id . A more su c ce ss fu l prépara-
153t io n  was th a t  of Sander, based on th e  re a c tio n  of e th y l d io h lo ro -  
p hosph ite  and e th y l magnesium c h lo r id e .
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E thanol (43 g . ,  O.94  mole) in  e th e r  was added dropvàse 
(2 h r s . )  to  f re s h ly  d i s t i l l e d  phosphorus t r ic h lo r id e  (128  g . ,
0 .93  mole) in  e th e r  (50  m l.) under a n itro g e n  atm osphere, w ith  
m agnetic s t i r r i n g  a t  -20®. S t i r r in g  was continued fo r  a f u r th e r  
9 hours as th e  f l a s k  warmed to room tem p era tu re . E thy l d ic h lo ro -  
phosph ite  (h .p . I I 6- I I 8®; n^^, 1.4625-. Steyerm ark re p o rte d
b .p .  116- 118®; 1 .4628 ) was ob ta ined  by d i s t i l l a t i o n  through
a 2 ’ column packed w ith  g la s s  h e lic e s  a t an o u te r  ja c k e t tem perature 
of 102® in  42# y ie ld  (5 8 .6  g . ) .
Ethoxy d ie th y lp h o sp h in e  ( 18#; b .p .  42®/20 mm.; n^^, 1.4351»
Sander re p o rte d  b .p .  51^/67 nim.; n^^, 1.4403) was prepared  from
e th y l d ic h lo ro p h o sp h ite  and e th y l magnesium ch lo rid e  according  to  
153Sander’ s met hod.
E thy l d ie th y lp h o sp h in a te  was ob ta ined  by o x id a tio n  of the 
phosphine (3 g .)  w ith  10# v /v  hydrogen peroxide (lO m l.)  in  aqueous 
so lu tio n  a t  0®. The so lu tio n  was s t i r r e d  fo r  -g- hour and then  
allowed to  warm to  room tem p era tu re . The e s te r  v/as no t is o la te d ,  
but hydrolysed in  s i tu  to  the  sodium s a l t  of d ie th y lp h o sp h in ic  acid..
Alky l Hydrogen Alkylphosphonates
In  g e n e ra l, th e  ac id s  were ob tained  by h y d ro ly s is  of the  
corresponding o h lo r id a te .
A lkyl m ethylphosphonochloridates and d ie th y l  phosphorochlori™
128
d a te  were hydrolysed by th e i r  dropwise a d d itio n  to  v ig o ro u sly  
s t i r r e d  io e -w ate r m ix tu re s . More fo rc in g  co n d itio n s  were used 
fo r  c h lo r id a te s  whose s t r u c tu re  would lead  to  slow r a te s  of 
h y d ro ly s is  in  io e -w a te r  m ix tu res (Table I?)*
TABLE 1 7s H ydrolyses of Phosphorus Acid C h lo rid a te s .
(R'O)RPO.CI)
—  S. C onditions of H ydro lysis
Bu'CHg Me Sodium hydroxide (2M), 60®, 2 hours
Bu^CHMe Me Sodium hydroxide (2M), 60®, 2 hours
E t Br^ Sodium hydroxide (2M), 40^? hour
Et Bu^ Sodium hydroxide (2.7M) , 40®, 14 hours
follow ed by 5^, 70®? 4 hours.
D ie th y l ethylphosphonate and e th y l d ie th y lp h o sp h in a te  were 
hydrolysed in  sodium hydroxide so lu tio n  (4*5M) a t  80® fo r  3 hou rs. 
On co o lin g , a l l  of th e  a lk a lin e  so lu tio n s  were a c id i f ie d  and th e  
w ater removed a t the  ro ta to ry  evapora to r w ith  th e  b a th  tem perature 
> 35®. The re s id u e  was e x tra c te d  w ith  chloroform , th e  e x tra c t  
d r ie d  over sodium s u lp h a te ,( l2  h r s , ) ,  and th e  ac id s  ob ta ined  by 
d i s t i l l a t i o n  (Table I 8 ) .
The eq u iv a len t w eigh ts of the ac id s  were determ ined by 
t i t r a t i o n  and agreed w ith in  3# of th e  c a lc u la te d  expected 
v a lu e .
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Ebhyl hydrogen phenylphosphonate was n o t d i s t i l l e d ,  h u t used
im m ediately to  form th e  adduct w ith p -n i t ro b e n z o n i tr i le  oxide, as 
155K osolapoff re p o r te d  th e  compound to  be u n s ta b le . The s tru c ­
tu re  of th e  ac id  was confirm ed by n .m .r .  spectroscopy- (CCl^/CBGl^) 
-r-Bo 96 ( s in g le t ,  POH, IH ), t '2 .0 -2 .8  (complex m u l t ip le t ,  P-Ph, 5%) 5 
02 (q u a r te t ,  POCH^CH ,^ 2H) ; and -r8,79 ( t r i p l e t .  3H) .
TABLE 18 § A lkyl Hydrogen A lkylphosphonates and R elated  
Compounds r 'R R ^ ? 0 3
R b .p .®/mm. R efrac­
t iv e  In­
dex, 25 ------
Reported Values
0 /  20 b .p . /mm, 1 n “
Refer
ence
MeO Me 92/ 0 .1 1 . 4250* 104/ 0 . 1 ; 1 .4248 156
EtO Me 110/ 0 .0 5 1.4219 106- 107/ 0 . 1 1 1 .4258 156
PrO Me IO6/O.O5 1 .4259 104- 105/ 0 .0 5 5 1 .4 2 8 2 156
Pr^O Me 88/ 0 .0 2 1 .4 2 1 0 97- 98/ 0 . 0 8 5 1 .4 2 2 8 156
Bu^GH 0 Me 110/ 0 .0 2 1 .4 2 5 0 Hew compound
Bu'CHMeO Me 98/ 0 .0 5 1.4320 116- 118/ 0 ,15  1 . 4322** 143
EtO EtO 120/ 0 .0 6 1 .414 0 -
EtO Et 92/ 0 .0 4 1.4281 —
EtO Bu"^ 72- 76/ 0 .0 3 1.4253 New oompomd^
EtO Ph 4 1 .5223 -
EtO Pr^ 80- 82/ 0 .0 5 1 .4199 New compound^
Et Et 160®/0.03 1 .4551^ 194- 195/21 157
* 1 8 ° . **25°
^ see t e x t .  ^  20®
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The fo llo w in g  th re e  ac id s  were new compounds, and had 
s a t is f a c to ry  an a ly se s? - E thy l hydrogen t-hu ty lphosphonate  (Pounds 
C, 43 ,3 ; H, 9 .6 . ^6^15^3^ re q u ire s  G, 43 .3 ; 9*1#) , E thy l
hydrogen isopropylphosphonate (Pounds G, 39-1? H? 8.7* 3^
re q u ire s  G, 39,5? H? 8 . 6# ) .  Neopentyl hydrogen m ethylphosphonate 
(Pounds C, 43.9? H, 9*0. ^6^15^3^ re q u ire s  C, 4 3 .4 ; H? 9*1#)»
4 9 4 9 3 9 5 -T e tr ainethy 1 -2 -0X0- 2 - hydroxy-1 ,3  9 2-dioxaphospholan
This compound has p rev io u s ly  been prepared  hy Newton, Gox and 
B ertrand  and c a l le d  "hydrogen p in aco l phosphate", although n o t 
c h a ra c te r is e d .
4?4 ,5?3~T etram ethyl-2-m ethoxy-l,3 ,2 -d ioxaphospholan  was p re -
138pared hy th e  method of Arhusov and Azanovskaya from p in aco l and
phosphorus t r i c h l o r i d e .  The pure product ( 26#) was obtained  a f te r
two d i s t i l l a t i o n s ,  b .p .  80-8l®/22 mm.; n^^, 1.4357* Arbusov and
Azanovskaya re p o rte d  b .p .  91~92*5°/48 mm. 5 n^^q 1.4417*
139The phosph ite  was q u a n ta tiv e ly  ox id ised  to  the phosphate 
e s te r  using d in itro g e n  te tro x id e  in  m ethylene c h lo rid e  a t -70®, On 
removal of so lv e n ts  under reduced p re s su re , 4 94? 5 9 5- te  traîne thy  1 
- 2-oxo~2-m ethoxy-l,3 ,2 -d ioxaphospho lan  was ob ta ined  as a l ig h t  
yellow  s o l id ,  m .p. 88-90® (Pound? 0 ,4 3 .1 ; H, 7*7* ^7^15^4^
re q u ire s  C, 43 .3 ; H, 7*8#). The i . r .  spectrum was c o n s is te n t w ith
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the s t ru c tu re  of th e  compound (n u jo l m ull) s 12?2 ( V P=0, s ) ,
1141 (v'PCMe, s ) ,  1050  and 9?0 cmT  ^ (VPOC, s ) .
The exocyclic  ac id  was ob ta ined  by h y d ro ly sis  of th e  e s te r  
in  50# aqueous dioxan fo r  two hours a t  room tem p era tu re . A fte r 
removal of th e  so lv e n ts  under reduced p re s su re , 4?49 5o 5 -te tram eth y l 
-2 -o x o -2 -h y d ro x y -l,3 ,2 -d io x ap h o sp h o lan  was ob ta ined  as a s l ig h t ly  
o ff-w h ite  s o l id ,  m .p. 173® (Pounds C, 40*0; H,. 7*5* ^6^13^4^
re q u ire s  C, 4 O.O; H, 7*3#).
C yclic Phosphin ic Acids
Me,













l-O xo-l-H ydroxy- P , 2 , 3 ,4 ,4-Pentam ethyl Phospha-oyolobutan (5 l)  
The ac id  was ob tained  by th e  in  s i tu  h y d ro ly s is  of th e  
c h lo rid e  ob ta ined  from 2 , 494- t r im e th y lp e n t- 2-e n e , anhydrous alumi­
nium c h lo r id e , and r e d i s t i l l e d  phosphorus t r i c h lo r id e  according to  
MoBride’ s m e t h o d T h e  in te rm ed ia te  was decomposed in  the manner 
d ir e c te d ,  b u t an o i l ,  r a th e r  th an  th e  so lid  re p o rte d  by McBride, 
r e s u l te d  a f te r  d ry ing  in  m ethylene c h lo rid e  so lu tio n  over sodium
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su lp h a te  fo r  12 h ou rs. The o i l  was hydro lysed  in  b o il in g  w ater 
(350  m l.)  f o r  3 hours, and co n cen tra tio n  and coo ling  caused th e  
ac id  to  p r e c ip i ta te  as  w hite c r y s ta l s .  A fte r  c r y s t a l l i s a t i o n  
from p e tro l  (60-80®), th e  anhydrous ac id  (m .p. 71-72®, McBride 
rep o rted  71° )  was ob ta ined  by d ry ing  i t  above th e  m eltin g  p o in t 
over phosphorus pentox ide under high vacuum.
l-O xQ -l-H ydroxy-2, 2 , 3-Trim ethyl Phospha-cyclobutan ( 52 )
T his v/as prepared  analogously  by s u b s t i tu t in g  2 ,3 -d im e th y l-  
b u t- l- e n e  as th e  o le f in  s u b s t ra te .  No a ttem p t was made to  i s o la te  
th e  ac id  c h lo rid e  and a f t e r  decom position o f  th e  in te rm e d ia te , the  
o i l  was b o ile d  w ith  w ater (25O m l.)  f o r  75 m inu tes. During th i s  
tim e a  w hite amorphous s o lid  (22.7 g*? m .p. > 24O®) formed, which 
was f i l t e r e d  o f f ,  b u t not f u r th e r  c h a ra c te r is e d . On removal o f 
w ater, th e  o i l  v/as d r ie d  and th e  ac id  ob ta in ed  by d i s t i l l a t i o n  from 
g lass-w ool in  a side-arm  x e c e iv e r  a t  a  b lock  tem perature 210®/
0 .0 5  mm. The a c id , a  f a in t l y  coloured o i l  which darkened on 
stan d in g , was c h a ra c te r is e d  as i t s  cyclohexylam ine s a l t ,  m .p. 
184-185° (Poundi C, 57.75  H, 10 .45 ÏÏ, 5 .9. C ILglfO P re q u ire s  
C, 58 .3 ; H, 10.65  N, 5 . 7^ ) .
l-Hydroxy-3i4-l>iineth.Yl-3-Hiospholene Oxide (53)
161T his product was p repared  accord ing  to  th e  method o f  Hunger 
w ith  th e  m o d if ic a tio n  th a t  in  th e  p re p a ra tio n  o f  the  tribrom ophos-
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phorane in te rm e d ia te , the so lu t io n  was allow ed to  rem ain a t  room 
tem perature f o r  a  lo n g e r p e rio d  o f  tim e. F re sh ly  d i s t i l l e d  
phosphorus tr ih ro m id e  ( 1O3 g - , 0.38 mole) was added dropwise
hour) w ith  s t i r r i n g ,  t o ' 2 , 3-d im ethy lhu tad iene  ( 35*2 g*, 0 ,4 3  
mole) in  dry  p e tro l  (4O-6O®; 5OO m l.)  a t  a  tem perature between 
-15° and -10®. The s o lu t io n  was m aintained a t  -10® fo r  an hour, 
then  warmed to  room tem p era tu re , and kep t fo r  5& days a t  15°*
The hygroscopic so lid  which p re c ip i ta te d  was im m ediately d isso lv ed  
in  m ethylene c h lo rid e  ( l  l i t r e )  and was e s t e r i f i e d  by th e  dropwise 
a d d itio n  ( l  h r . ) ,w i th  v igo rous s t i r r i n g  a t  -10®, o f  a  m ix tu re o f 
methanol and tr ie th y la m in e  ( I .5  m oles, based on 100# y ie ld  o f  
phosphorane) d isso lv ed  in  methylene c h lo rid e  (lOO m l .) .  The 
s o lu tio n  was warmed to  room tem perature w ith  s t i r r i n g  (2 h r s . ) ,  
so lv en ts  removed under reduced p re ssu re , and th e  base hydroch lo ride  
f i l t e r e d  from a benzene s o lu t io n . The m ethyl e s te r  (21.8 g . ,
0 .1 4  mole, 57#) was ob ta ined  by d i s t i l l a t i o n ,  b .p .  66- 76®/0 . 05- l  mm. 
n^^, 1 .4 8 7 8 c A r b u s o v r e p o r t e d  131®/lO mm. ; n, 1 .4892.
The a c id , which was no t f u r th e r  p u r if ie d ,  was ob ta ined  by 
h y d ro ly s is  o f  th e  methyl e s te r  in  b o il in g  h y d ro ch lo ric  ac id  ( i s l )  
fo r  12 h o u rs .
I t  i s  g e n e ra lly  agreed th a t  the double bond does no t m ig rate  
to  the  2 -p o s it io n  when i t  i s  su b s t i tu te d  by two m ethyl groups in
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th e  3”" and 4-po a i t ie n s  Quin and h is  oo-workers have
dem onstrated th e  s t a b i l i t y  o f  l , 394- t r im e th y l - 3-phospholene oxide 
by re f lu x in g  i t  w ith  h y d ro ch lo ric  ac id  ( 3N)* No change was 
d e tec ted  a f t e r  18 hours and th e re  was only  s l ig h t  r e a c t io n  to  y ie ld
two p roducts a f t e r  72 h o u rs . The isom ers a re  separab le  by
-, 163*g 9 1 o C  a
1-Hydroxy-3-M ethyl-2-Phospholene Oxide (54)
Isop rene  (22 .2  g . , 0 ,3 4  mole) and r e d i s t i l l e d  phosphorus 
t r ic h lo r id e  (4 9 «5 g*, 0 .3 4  mole) in  m ethylene c h lo rid e  (300  ml . )  
were kep t a t  20® f o r  18^ days. The co lo u r deepened on s tan d in g , 
ev e n tu a lly  becoming b la ck . A ddition  o f  dry  p e tro l  (4 O-6O®) 
p re c ip i ta te d  a  b lack  o i ly  s o l id ,  which was f u r th e r  washed w ith  
3 p o r tio n s  o f  p e t r o l . The adduct was e s t e r i f i e d  w ith  methanol 
(1 .2  m oles) in  th e  presence o f  tr ie th y la m in e  (1 .2  moles) in  
m ethylene c h lo rid e  ( 5OO m l . )  and the  m ethyl e s te r  d i s t i l l e d  (b .p . 
72- 75° / 0 o05 nrn.5 1 . 4 9 0 2 ; 9«44g? 18^). Q u in ^ ^  and h is
co-w orkers re p o rted  79° / 0*4 mm.
The p o s i t io n  o f  the  double bond was found to  l i e  in  th e
2- p o s i t io n  by n .m .r . and i . r .  spectroscopy . The n .m .r . spectrum  
o f  a 20fo s o lu t io n  (CDGl^) showed: <4*88 (d o u b le t, C-G-H,
J 24 Hz, IE ) ; 6 .32  (d o u b le t, POOH_, 11 Hz, 3H); and
7 , 2- 803 (complex m u lt ip le t ,  -CH^-, w ith  a s in g le  sharp peak 7 *9 9 ?
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C“ CH^ 9 t o t a l  7H) 0 The i . r ,  spectrum  ( l iq u id  f i lm )  showed 
prom inent peaks a t  I 6IO ( v C=C, s ) , 1220 ( V P=0, s ) , I 040 (P-O-Me, 
s) 9 925 (m) 5 885 (m) 9 and 800 ( s )  cmT^
Quin rep orted  th e  p art-sp ectru iii o f th e  m ethyl e s t e r  and 
gave the p o s i t io n  o f th e  v in y l  proton d ou b let a s  T 3.7? 1=24 Hz.
He a lso  rep orted  th a t  th e  i . r .  frequ en cy o f ^>0-0 was g e n e r a lly  
lower and more in te n s e  fo r  th e  2 - isom er than th e  3 -iso m er , The 
freq u en cy  observed  above i s  in  good agreement w ith  the v a lu e  
observed fo r  th e  r e la t e d  1 , 3 -d im e th y l-2 - phospholene o x id e .
The a c id  was ob ta in ed  by h y d r o ly s is  o f th e  e s t e r  in  b o i l in g
3h y d ro ch lo r ic  a c id  ( l s l )  fo r  3 /4  hours. A fter  rem oval o f water 
under reduced p r e ssu r e , the ac id  was d r ied  and d i s t i l l e d  (b lo ck  
tem perature 230-260® /0 .12  mm,) to  y ie ld  a y e llo w  o i l ,  which p a r t ly  
s o l i d i f i e d  on s ta n d in g . The i , r ,  spectrum  ( l iq u id  f i lm )  showed 
peaks c h a r a c t e r is t ic  o f an ac id  thus? 2700 and 2280 (broad, 
\ )POH), 1600 ( V C=C) ; 1180 and I I 6O omT'' (o  P 0 3 .
A lkyl oc-h yd roxy im in o-p -n itrob en zy l a lk y lp h osp h on ates
I t  was e s s e n t i a l  fo r  th e  p rep a ra tio n  of th e se  1§1 adducts o f 
p - n it r o b e n z o n it r i le  ox id e  and a phosphyl a c id  fo r  a l l  ch em ica ls ,
s o lv e n t s ,  and apparatus to  be r ig o r o u s ly  dr y ,  A dry b ox , in
which w eighing and f i l t r a t i o n  o p e r a tio n s  cou ld  be c a r r ie d  o u t, was
used throughout th e  p rep a ra tio n  of th e se  a d d u cts.
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The p re p a ra tio n  of p in a co ly l cx-hydroxyim ino-p-nitrohenzyl 
methylphosphonate was ty p ic a l  of th e  procedure fo llow ed ,
P in a c o ly l hydrogen m ethylphosphonate (3 ,24  g * l8  m,moles 
d r ie d  in  dioxan so lu tio n  [20 m l,] over sodium su lp h a te ) was mixed 
w ith  p -n i t ro h e n z o n i tr i le  oxide (5-5 g - ? 34 m,moles) in  dioxan 
(150  ml , )  and allow ed to  stand fo r  24 hours a t  room tem perature 
in  a l ig h t -p ro te c te d  f l a s k .  The dioxan was removed a t  room 
tem peratu re  ( ^  25°) and 0 ,0 5  mm, p re ssu re  to  leave  a s o l id  re s id u e . 
This re s id u e  was e x tra c te d  w ith  p in ao o ly l a lco h o l to  leave a p a le  
yellow  re s id u e , which was washed w ith  e th e r  and d r ie d  hy drawing 
n itro g e n  through i t  in  th e  dry box. The s o lid  was id e n t i f ie d  as 
d i-p -n itro p h e n y lfu ro x a n  (3 ,2  g , ,  58# based on th e  n i t r i l e  oxide) ' 
by i t s  id e n t ic a l  i , r ,  spectrum to  th a t  of an a u th e n tic  sample.
The a lco h o l so lu tio n  was evaporated  a t room tem perature and 
0 ,0 5  mm, p re s s u re 9 and e th e r  (25 ml,)  w ith  a l i t t l e  p e t ro l  (40-60®g 
5 ml, )  added to  p r e c ip i ta te  a l ig h t  yellow  s o l id .  The s o lid  
adduct (2 ,3  g ,ç  6 ,7  m .moles, 37# based on ac id  taken) was washed 
w ith  e th e r ,  and again  d r ie d  by drawing n itro g e n  through i t  in  the  
dry box.
The s t ru c tu re  of p in a c o ly l o^-hydroxyim ino-p-nitrobenzyl 
m ethylphosphonate was confirm ed by n ,m , r ,  and i , r ,  spectroscopy ,
 .jThe i , r .  spectrum showed th e  presence of NOH (\) NOH9 3100-3140 cm, ).,
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arom atic r in g  (^ ) r in g  I 6OO and <fring 85O cm,  ^) 9 (v NO^s 1515 
and 1350 om,^),  phosphorus bonding ( O P - 0  1230, V POEt 1035 om,^) 
and oxime ( V G=N9 1635 cm,^) m o ie tie s .
The n .m . r .  spectrum  showed th e  c o r re c t  in te g r a l  f o r  each of 
the  pro ton  sp ec ie s  and each of th e  ab so rp tio n s  to  be expected fo r  
th e  1s1 adduct -  (CDGl^)s P i . 7# (c e n tre  of q u a r te t ,  4H);
Y 5*58 (q u in te t,; m ethine C-H, IH) ; ^ 8 .2 1  (c e n tre  of d o u b le t,
P-GH^9 JpUQ 18 Hz, 3H; T 8 .6 5  ( q u a r te t , lone m ethyl, HG-CH^,, 3H) ; 
and Y9 *05 ( s in g le t ,  t-B u , 9Hj.
The a n a ly s is  was th a t  expected?- Founds C, 49-0; H, 6 .0;
N, 8 . 4 * ^15^21^ 2^6^ re q u ire s  0 , 4 8 . 8 ; H, 6 .1 ; N, 8 .1 # .
The r a t i o  .of n i t r i l e  oxides ac id  of 2:1 v/as found to g ive the
optimum y ie ld  bearin g  in  mind the  competing d im e riza tio n  of th e  
n i t r i l e  oxide and th e  fo rm ation  of th e  adduct as a c le a n , dry s o lid
I t  was necessary  to  use th e  a lcoho l corresponding to th e  
e s te r  m oiety fo r  th e  v/ork-up to  prevent t r a n s e s té r i f i c a t i o n .
Where th e  corresponding a lco h o l was s o l id ,  th e  i n i t i a l  re s id u e  Was 
e x tra c te d  w ith  e th e r  (4  % 75 m l . ) .  P re p a ra tiv e  d e t a i l s  fo r  the  
rem aining adducts are  ta b u la te d  (Table 19) .
The s t r u c tu re s  of a l l  of th e  1s1 adducts were confirm ed by 
spectroscopy (Table 20) and th e  compounds had s a t i s f a c to ry  
e lem en ta l ana ly ses (Table 21 ).
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TABLE 2 0 s P ro ton  M agnetic Resonanoe Data fo r  the  A lkyl 
&v-hydroxyimino-p- n i t r o ’benzyl phosphyl Adducts
A ll sp e c tra  were run in  dentero--chloroform  on approxim ately 
5^  ( s a tu ra te d )  so lu tio n so  The ta u  (-r) value quoted i s  th a t  of 
th e  m u lt ip le t  c e n tre . Average coupling co n s tan ts  ( j )  were 
observed as fo llow ss P-CH^ l 8 Ha ; POCH  ^ 11 Hz; POCH  ^ 7 Hz; 
and CH^-GH  ^ 7 Hz. In  a few o ases , s ig n a ls  due to th e  oxime 
p ro ton  were reco rded  a t about T' - 2 . Compounds fo r  which such 
s ig n a ls  were observed a re  l i s t e d  below (o' value in  b rack e ts , 
and X = - 0 0 (2 -NOgCÆ)=NOH) s-
(E t0 )Bu’^ P(0 )X [ - 2 , 3] (BtO) P (0 )X [-1.8]
   ^ _ / \
P (0 )X [ - 2 . 5] M e/ P (0 )X [ - 2 . 2]
y  \ /2 -0 Meg
The m ethylene p ro tons of the  propy l e s te r  m oiety 
CH^ GH g GHgO- overlapped w ith  th o se  of th e  PGHg m oiety , in d ic a ­
te d  by in  the  ta b le .
MeOv  ^  ^ T 1 ,7 8  (q u a r te t ,  arom atic , 4H) ; t 6 , 1 0





-r 1 . 7 8 (q u a r te t ,  a rom atic , 4%); T 5-77  
-PCOjX q u in te t ,  POCHgCH ,^ 2H) 5 - r 8 . 2 1  (d o u b le t,












.79 (q u a rte t?  arom atio? 4 5 ) ;  T 5 .8 4  
(q u a rte t?  POCH^CH^-? 2 5 ) ;  ' r 8<,21 (doublet? 
P-Me, 5H**) and - r 9 . 0 4  ( t r i p l e t .  -OHgCHg, 3H)
" r l .78 (q u a rte t?  arom atic? 4 5 ) ; T 5 *l 
(q u in te t of d o u b le ts , POOH? 1H ); -f  8 , 2 5  
(d o u b le t, P-CH^, 35 ) and n^8 , 4 3  (doub let 
of d o u b le ts , POCH-GH ,^ 6 5 ) .
T 1 o80  ( q u a r te t ,  a rom atic , 4 5 ) ;  t ' 6 . 1 9  
(doublet of d o u b le ts , POGH^-, 2 5 ) ;  1^ 8 . 2 1  
(d o u b le t, P-Me, 3h) and 1^9 »07 ( s in g le t ,  
GL^GHj)^, 9 5 ) .
-Y1 .78 (q u a r te t ,  a rom atic , 4 5 ) ;  ' r 5»59  
(q u in t e t ,  P GO(Me) 5 , 1 5 ) ;  T  8 , 21 (d o u b le t, 
P-Me, 35); -Y8.65 (q u a r te t ,  POO.5 . 05 ^^ , 3h) 
and "Y9.05 ( s in g le t ,  C(GH^)^, 9 5 ) .
n "1 . 7 7  ( q u a r te t ,  a rom atic , 4 5 ) ;  T  5»^2 
(q u in te t ,  POGPgGP^, 4 5 ) and -Y8 .85 ( t r i p l e t ,  
POGH CH., 65 ) .
n''1 . 8 3  ( q u a r te t ,  a rom atic , 4 5 ) ;  T '5«75  
(q u in te t ,  POCHgCHg, 2 5 ) ;  o r7 . 7 9  ( s e p te t ,  
PGHgCH;,, 2 5 ) ;  1^8 .52 ( t r i p l e t ,  PGHgCBg, 35 ) 
and T 8 .9O  ( t r i p l e t ,  P005^0 5 ^, 3 5 ) .
Et. 1 .82 (q u a r te t ,  a rom atic , 4 5 ) ;  ^ 8 .0 4






P ( 0 )XMe
Me
Me




T 1 .80 (unresolvedç arom atic , 4H) 5 T  5 = 77 
( q u in te t ,  POOH^CH ,^ 2H) and n" 8 , 52 - 8 , 8 0  
(POCHgCH  ^ and GfOgg)], 12K).
n' l<y93 (q u a r te t ,  a ro m atic , C^H^EO^) and 
nr' 2 , 0- 2 , 8  (complex m u lt ip le ts ,  t o t a l
arom atic p ro to n s , 9H)5 T" 5*68 (q u in te t ,  
POOHgCHg; 2H) and n<8 , 6 2  ( t r i p l e t .  POOHgCH., 
3H).
‘T 1 , 7 3  ( q u a r te t ,  arom atic) and T '8 , 5 9  
( s in g le t ,  C(CH^)^),
•7^1,92 (q u a r te t ,  a rom atic , 4H) and T 8 . 0 - 9 »! 
(un reso lved , a l ip h a t ic s ,  I6H ),
not ru n , in s u f f ic ie n t  m a te r ia l
not run« in s u f f ic ie n t  m a te r ia l
Me I"- 
MeU
P (0 )X T '1 .9 2  (q u a r te t arom atic. 4H) a n d n '7 .35  
7 .9 2 , 8 . 2 2 . and 8 . 7  (unresolved  m u l t ip le ts  ^
lOH).
X = -O0 (p-MOgOgH )=ROH
143
TABLE 21 : E lem ental Analyses fo r  A lkyl a-hydroxyim ino-p -n itro -
benzyl Phosphyl Adduots, HR'P(0 )0C(p-M0„C^ H_^ )=M-0H
E e ' M olecular Ana ly s e s : ^  Found
Formula % C a lcu la ted
MeO Me G, 3 9 . 2 ; H, 4 . 0 ; Hp 1 0 .4 ,
0 , 3 9 . 4 ; H, 4*0 ; Hp 1 0 .2 ,
EtO Me c , 4 1 .6 ; Hp 4 . 7 ; Hp 1 0 . 1 .
C, 4 1 . 7 ; H, 4 .5 ; Hp 9.7*
PrO Me '^ l l% 5'^ 2° 6^ c , 4 2 . 9 ; ÏÏ, 5 .0 .
C, 43  o8 5 Hp 5 .0 .
Pr^O Me OiiHi^HgOgP C, 4 3 . 0 ; ÏÏ, 5.O; Hp 8 ,9 .
C, 4 3 .8 ; H, 5 . 0 ; Hp 9 .3 .
Buton 0 Me ^1 3^ 9^2^ C, 4 7 . 0 ; H, 5 .5 ; Hp 8 .7 .C, 4 7 . 3 ; Hp 5 .8 ; Hp 8 .9 .
ButcMeO Me " l 4^ 21 "^2° 6^ C, 4 9 . 0 ; Hp 6 ,0 ; Hp 8 .4*
c , 48 ,8 ; Hp 6 . 1 ; Hp 8 . 1 »
EtO EtO CiiHi^HpO^P 0, 4 0 ,6 ; Hp 4 .5 ; Hp 8 ,8  0
G, 4 1 .5 ; Hp 4 .7 ; Hp 8 .7 .
EtO Et C llH lfg O g f c , 4 4 ,0 ; Hp 5.O; Hp 9 .6 ,
C, 4 3 . 7 ; Hp 5.O; Hp 9 .3 .
Et E t C, 4 5 *^; H, 5 *2 ; Hp 10.0.
G, 4 6 ,1 ; Hp 5 . 3 ; Hp 9 .8
EtO Bu'*^ ^13^19^2^6^ C, 47 .6  ; Hp 5.60
0, 4 7 . 3 ; Hp 5 *8 ,
Me
M e / p ( o ) x 0, 52.8 ; Hp 6 ,0 ; Hp 8 . 1 ,
\ / / C, 52 .9 ; Hp 6 , 2 ; Hp 8 ,2 .Meg
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Meg
Me4  P (0 )x  ^13^17^2°$^ 4 9 .8 | H, 5 »3 ; N, 9 .2
\ /  C, 4 9 .9 1  H, 5 . 5 s M, 9 . 0
®13% 5®2V  5 0 -0 ; H, 4 . 7 ; 8 .9
Me
Me
C ,  50 .0 ;  H j  4 .9 ; H ,  9 .0
'2
Me
\ ( 0 )X ° 13^ 7®2V  4 5 .4 ; H, 5.O; W, 8 . 2
2 - ^ y  G, 4 5 . 3 ; H, 5.O; N. 6 .1
^ ( 0 )X " i 2W 5^ C, 4 8 .8 ; H, 4 . 1
Gg 4 8 .7 ; ÏÏ5 4 .4
* X  =  - G G C ^ ^ O g N G g H  ) = N O H
I nfra-R ed S p ectra
The s p e c tra  o f  th e  adducts were ob ta ined  from n u jo l m ulls
and confirm ed the  s t r u c tu re s  o f  th e  1 :1  ad d u c ts . The p r in c ip a l
groups in  th e  adducts showed freq u en c ies  a t  3100 c m / (w? V ROE)?
1600 cmT (m-Sp V arom atic  r in g ) ,  1520 and 135^ cm, ( s , V NOg),
1180-1250  o m f ( s ,  O B=0) and 850  omT (a , cTFOg). The phosphoryl
group a b so rp tio n  was g e n e ra lly  around 1230 c m / ,  bu t low er v a lu es
39were observed fo r  the  phosphinate adducts.
V a r ia tio n  in  th e  p o s i t io n  o f  th e  oxime G=R s tre tc h in g
1-45
frequency was observed. The a lk y l metliylphosphonate adducts had
V C-H v a lu es  o f  about 1630  oniT^, which i s  a t  th e  low er end o f  th e
g e n e ra lly  accepted  range o f  oxime s tr e tc h in g  v a lu e s . A ll o f  th e
<“1o th e r  adducts showed v a lu es  o f  v 0=R o f I69O-I7OO cm. , which i s
39a t  th e  upper l im i t  o f  observed oxime s tr e tc h in g  f re q u en c ie s .
Methyl a-hydroxy im ino-p -n itrobenzy l m ethylphosphonate was unique
—1in  th a t  i t  showed v a lu es a t  I63O and I7OO omT Concomitant w ith  
th e  in c re a se  in  th e  v C=sR frequency was th e  in c re a se  in  th e  in te n ­
s i t y  o f  th e  NOH ab so rp tio n  a t  3100  cmT  ^ from being  o f  p rev io u s ly  
weak in te n s i ty  to  weak-medium in te n s i ty .
Attempted P re p a ra tio n  o f  E thy l cx-hvdroxyimino-p-n itro b e n g y l 
isopropylphosphonat e
The p re p a ra tio n  was t r i e d  on two occasions in  a  manner 
analogous to  th a t  describ ed  fo r  th e  p in a co ly l m ethylphosphonate 
adduct. p -R itro b e n z o n itr i le  oxide (3*3 g , , 23 m.moles) and e th y l 
hydrogen isopropylphosphonate ( I .8  g . ,  12 m .moles) y ie ld ed  
d i-p -n itro fu ro x a n  (2 . 6  g . , 70Ç^ ) and, from th e  e thano l e x t r a c t ,  
about JO m .g. o f  a  yellow , o i ly  s o l id .  The i . r .  spectrum showed 
i t  not to  be the  d e s ire d  adduct.
P re p a ra tio n  o f  4 ,49  5 ? 5-T e tram e th y l-2-o x o -2-(o!-hydroxyimino 
-p -n itro b e n z  o xy ) - jg iT ^ P io x ap h ^ o s^ ^ lan
The p re p a ra tio n  o f  t h i s  adduct was attem pted  on th re e
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se p a ra te  o ccasio n s (Table I 9 ) .  The f i r s t  p re p a ra tio n  i n i t i a l l y ’" 
y ie ld ed  O.74 g . o f  a  compound, which had th e  c o r re c t  n .m .r . s ig n a ls ,  
bu t a poor p ro to n  r a t i o  and a poor elem ental a n a ly s is .  F u rth e r  
washing w ith  e th e r  in  th e  dry-box y ie ld ed  a sm a lle r  q u a n tity  o f  
s o lid  (about 0 . 2  g . ) ,  which had a  c o r re c t  e lem en ta l a n a ly s is ,  but 
whose s p e c tr a l  c h a r a c te r i s t i c s  were no t de term ined . The compound 
was no t sy s te m a tic a lly  in v e s t ig a te d  and was found to  have 
decomposed a f t e r  a  month.
The compound was n o t a b le  to  be sy n th e s ise d  on two f u r th e r  
o c c a s io n s ,
S o lv o ly tic  B ehaviour o f  th e  Adducts
The adducts ex h ib ite d  v ary in g  behav iou r on h y d ro ly s is  a t  
v a rio u s  pH, In  ac id  s o lu t io n  th e  phosphonate and phosphate 
adducts were r a p id ly  hydro lysed  to  lo se  th e  e s te r  m oiety , w hile  
in  a lk a l in e  s o lu t io n  p - n i t r o a n i l in e  was form ed.
Product A n a ly sis
(a ) Acid h y d ro ly s is
The p ro d u cts  o f  h y d ro ly s is  were fo llow ed by n .m .r , sp e c tro ­
scopy, To a  s o lu t io n  o f th e  a lk y l phosphonate adduct in  d eu tero  
-ch lo ro fo rm  was added 4  drops o f  deuterium  o x ide , th e  m ix tu re  
shaken, and l e f t  f o r  a  day a t  room tem p era tu re . The s o lid  a c id ,
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hydrogen a-hyd roxy lm in o -p -n itro b en zy l a lk y l phosphonate, was 
f i l t e r e d ,  d r ie d , and id e n t i f ie d  by com parison o f  i t s  id e n t ic a l  
and superim posable i . r .  spectrum  to  th a t  o f  an a u th e n tic  sam ple.
The p .m .r . spectrum  o f th e  f i l t r a t e  showed only  s ig n a ls  due to  
th e  a lco h o l r e s u l t in g  from h y d ro ly s is  (Table 2 2 ) .
In  th e  case o f p in a c o ly l a -h y d roxy im ino -p -n itrobenzy l 
m ethylphosphonate, the  p resence  o f p in a c o ly l a lco h o l was shown by
(a) i t s  r e te n t io n  tim e on tv/o g .l«c«  columns {lOfo PEGA, 66^, 
iiy d ro ly sa te  and a u th e n tic  p in a c o ly l a lc o h o l, 1 ‘ peak, r e te n t io n  
tim e 10  m inu tes: Ijfo BNP, 56°, hydro ly s a te  and a u th e n tic  p in a c o ly l 
a lco h o l, 1 peak, r e te n t io n  tim e 29*6 m in u te s) , and (b) th e  id e n t i ­
c a l n a tu re  o f  th e  u re th an e  o f th e  h y d ro ly sa te  and th a t  o f  a u th e n tic  
p in a c o ly l a lc o h o l. The u re th a n es  were made by m ixing p -c h lo ro -  
phenyl iso cy an a te  and the  a lc o h o l, and were p u r if ie d  by e lu t io n  
w ith  75^  b en z en e -p e tro l from an alum ina column. The compounds 
had superim posable i . r .  s p e c tra ,  m .p. and mixed m .p. 1 0 1 . 5- 1 0 2 . 5° » 
Hone o f th e  o le f in s  ob ta in ed  from th e  ac id  h y d ro ly s is  o f  e th y l 
p in a c o ly l m ethylphosphonate was ab le  to  be d e tec ted  by g . l . c .  
u s in g  the  d e sc rib ed  co n d itio n s  (page I6 9 ),
The s o l id s  f i l t e r e d  from th e  hyd ro ly ses o f  e th y l 
a-h y d ro x y im in o -p -n itro b en zy l, ethylpho sphonate and phenylphospho- 
n a te  had i . r .  sp e c tra  s im ila r  to  hydrogen a—h y d ro x y im in o -p -n itro - 
benzyl m ethylphosphonate, 2300  cm*.^  ( v POH, sh a llo w ), 1 6 50 (vC =H ),
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TABLE 2 2 s H.m. r .  Spec t r a  o f  Solu b le  Hyd ro ly s i s  P roducts
o f  i f f i ^ o ) b G (p -H d^G .H 7T^HOH~in b 3 7 g!d c iI
R R P .m .r . S ig n ais  ( t  v a lu e ) and Assignment
MeO Me 6 - 5 2  ( s in g le t ,  GH^OH)
EtO Me 6 . 2 9  ( q u a r te t ,  OH^CHgO-, 2H) and 8 . 7 8
( t r i p l e t ,  OH^CHg-, 3H)
PrO Me 6 . 3 8  ( t r i p l e t ,  -OILCH^OH, 2H); 8 . 4 4
( s e x te t ,  -CilgCEgCS , 2H) and 9"06  
( t r i p l e t ,  CH^CHg-, 3H)
Pr^O Me 8 . 8 0  (d o u b le t, 8 Hz)*
Bu’ÏGHgO Me 6 . 7 0  ( s in g le t ,  Bu'^GH^O-, 2H) and 9 . 0 9
( s in g le t ,  Bu*', 9H)
EtO Et 6 . 2 5  ( q u a r te t ,  GH^CHgO-, 2H) and 8 .76
( t r i p l e t ,  CH GHgO-, 3H)
EtO EtO 6.29 (q u a r te t ,  OH CH^O-, 2H) and 8 .78
( t r i p l e t ,  CH^GHgO-, 3 H)
EtO Eh 6 .30  (q u a r te t ,  GH.GH^O-, 2H) and 8.78
( t r i p l e t ,  ŒI CHgO-, 3H)
*th e  m ethine p ro to n  could  not he d is t in g u ish e d  
a g a in s t th e  background n o ise .
I6OO ( V a ro m a tic ) , 1530  and 1350  ( v RO^) and v P«0  (125O P-Ph and
1162 P -E t) . They b o th  t i t r a t e d  as d ib a s ic  a c id s  and th e  fo llo w in g
eq u iv a le n t w eights were determ ined
P-Et compoundo Founds 1 3 6 ; expectedT 1 3 7 •
P-Ph compoundo Founds I5 8 ; expected I 6 I .
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The p ro d u c ts  a re  th u s  considered  to  he th e  ac id  r e s u l t in g  
from h y d ro ly s is  o f  th e  e s t e r  m oiety (Table 2 2 ) .
(b ) A lk a lin e  hydro ly s is
The s o lu t io n s  were b r ig h t  yellow  and had u .v .  s p e c tra  showing
ab so rp tio n s  w ith  X 3 8 0 - 3 8 2  ( X p - n i t r o a n i l in e  382 nm . ) .max max
The s o lu t io n s , when run  on t . l . c .  p la te s  ( s i l i c a  o r  alum ina co a ted , 
e th e r  d ev e lo p er, chromogenic d e te c t io n  by io d in e  vapour o r  
p-dim ethylam ino benzaldehyde, E.^  v a lu es  about O .5), showed on ly  one 
sp o t, which was id e n t ic a l  to  th a t  o f  p - n i t r o a n i l in e .
P ropyl a -h y d roxy im ino -p -n itrobenzy l m ethylphosphonate 
(0 .41 g , , 1 .41 m.moles) was decomposed in  90fo aqueous dioxan 
b u f fe r ,  pH 9 *2 , a t  room tem peratu re  fo r  6 h o u rs . The so lv e n ts  
were removed under reduced p re ssu re  and th e  re s id u e  e x tra c te d  w ith  
chloroform  and e th y l m ethyl ketone to  le av e  a  w h ite , w a te r-so lu b le  
so lid  m .p. > 200^ which was th e  s a l t  components o f th e  b u f f e r .
The o rg an ic  e x tra c t  was chromatographed on alum ina and p - n i t r o -  
a n i l in e  (0 .I6  g . , 9 jfo)- m .p. 147^ and mixed m .p. 149^? e lu te d  w ith  
50^ 0 e th e r -e th y l  a c e ta te .
No p in a c o ly l a lco h o l could be d e te c te d  by g . l . c .  a f t e r  
p in a c o ly l cx-hydroxyim ino-p-nitrobenzyl m ethylphosphonate was 
allow ed to  decompose in  aqueous dioxan b u f f e r ,  pH 9 *2 0 , and 
p - n i t r o a n i l in e  was ag a in  recovered  in  83% y ie ld .
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Quanta t iv e  D eterm ination  o f th e  Y ie lds o f  p- R itro a n i l in e
The e x t in c t io n  c o e f f ic ie n t  fo r  p - n i t r o a n i l in e  a t  th e  p o s i t io n  
o f  maximum ab so rp tio n  ( 382 nn. ) was found to  be 1 3 , 4 6 0  in
Ool6% d io x an -w ater.
Knovrn w eigh ts o f p - n i t r o  a n i l  in e  ( l 2 = 7 and 14 «5 m .g .)  were 
d isso lv ed  in  d ioxan (2  m l . ) ,  sodium c h lo rid e  s o lu t io n  (O.IM, 50  m l.)  
added, and i t s  pH a d ju s te d  to  8 . 4 3  by the  a d d it io n  o f  sodium 
hydroxide s o lu t io n  (O.O5 m l.,  O.IM), The s o lu t io n s  were d i lu te d  
w ith  w ater (x  25) and th e  o p t ic a l  d e n s ity  determ ined (0 . 9 5 5  and 
1 . 0 8 ) a t  382 nm.
In  th e  a lk a l in e  decom position of th e  ad d u c ts , a  known 
q u a n tity  o f  compound was d isso lv ed  in  dioxan (2  m l.)  and a  p o r tio n  
(1 m l.)  was in tro d u ced  by a  p ip e t te  in to  th e  t i t r a t i o n  v e s se l o f 
th e  Radiom eter assem bly c o n ta in in g  sodium c h lo r id e  s o lu t io n  (25  m l., 
O.IM) and allow ed to  r e a c t  f o r  10 h a l f - l iv e s  a t  pH @.4 3 * The 
volumes o f t i t r a n t  added were reco rded . The o p t ic a l  d e n s ity  o f  
th e  h y d ro ly sa te  was determ ined on a sample made by w ithdravfing 1 m l. 
o f  th e  s o lu t io n  and d i lu t in g  w ith  w ater (x 2 5 ) (Table 2 3 ) «
A ll o f  th e  compounds showed only th e  ab so rp tio n  a t  382 nm. 
a f t e r  10  h a l f - l i v e s .  The a b so rp tio n  a t  268 nm. in  th e  s t a r t i n g  
m a te r ia l had com pletely  d isap p ea red .
The v a lu e s  o f  the  y ie ld s  ob ta ined  a re  probably  low because o f
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TABLE 23 s O p tica l D e n s itie s  f o r  A lk a lin e  H ydro lysis S o lu t ions
Adduct Wto Taken 
(in o m s  0 )
Me
Me
p ( o ) x
Et P (0 )X
E t0 .E tP (0 )X
E t0 .PhP(0 )X
E t0 .B u% (0 )X
(Et0 )gP(0 )X
pH
8 0 lU -
t io n
added
Opt i c a l  
D ensity  
nm.)
an a d d i t io n a l  1 rnl. o f  m ethanol v/as 
added to  in c re a se  th e  s o l u b i l i t y «
Y ield
p-n itro -
a n i l in e
■ A T "
30.3 8.43 1.6 0.780 83
34.1 8 .50 1 .35 0.593 83
27-6 8 .50 2.34 O.7O8 79
21,8 8 .50 2.48 0.146 85
22.7 8.50 1.50 0.531 84
28.4 8.53 1,86 0.766 93
20.0 8.53 0.69 0.470 75
-OC(p--OgBTCgH )=HGH.
f in a l  s o lu t io n  d ilu te d  by a  f u r th e r  f a c to r  
o f  1 0 .
(a ) th e  n e c e s s i ty  th a t  the ta re d  c o n ta in e r  had to  be handled in  th e  
dry  box w hile i t  was being  roughly  weighed and f i l l e d  p r io r  to  
rem ovalj and ac cu ra te  w eighing on an a n a ly t ic a l  balance? and (b) the
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design  o f  th e  t i t r a t i o n  c e l l  d id  not allow  th e  p ip e t te  to  d ra in  com­
p le te ly  a f t e r  d e liv e ry  o f  th e  s o lu t io n s .  Experim ents in  which 
th e  d if fe re n c e  in  w eight between not a llow ing  th e  p ip e t te  to  d ra in  
a g a in s t th e  s id e  and th en  a llow ing  i t  to  drain? showed th e  
d if fe re n c e  to  be about 4- 59^ “
The y ie ld s  o f  p -n i t r o  a n i l  in e  can now be ra is e d  to  
Acid Anion
The p resence  o f  th e  phosphorus ac id  an ion  was shown in  one 
case? th a t  o f  l-o x o -l-h y d ro x y -2 ?2 ?S -tr im e th y l phospha-cyclobutan . 
The a lk a l in e  h y d ro ly sa te  was a c id i f ie d  and sep a ra te d  u s in g  paper 
chrom atography (\Vhatman No. 1 paper? e th e r  d e v e lo p e r) . The 
h y d ro ly sa te  and a u th e n tic  ac id  gave b lue  sp o ts  w ith  a b lu e  t a i l ?
= 0 .4 7 ? th e  p o s i t io n  o f  th e  sp o ts  be ing  determ ined by th e  
chromogenic agent o f  Hanes and Isherw ood,^^^
Neopentyl a-m ethoxyim ino-p-n itro b e n z y l m ethylphosphonate
Diazomethane ( 0 . 32- 0 . 3 5  g .)  was p repared  by th e  sm all s c a le  
method o f  Vogel in  e th e r  so lu t io n  and d r ie d  over potassium  
hydroxide p e l l e t s  (3  h o u rs ) . The s o lu t io n  v/as added to  neopen ty l 
« -h yd roxy im ino -p -n itrobenzy l m ethylphosphonate (0 .5  g«) in  dioxan 
(20 m l .) .  A fte r  f iv e  m inutes when gas ev o lu tio n  had ceased? th e  
excess o f  diazom ethane was removed w ith  a c e t ic  a c id . A fte r
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removal o f  dioxan? th e  r e s id u a l  o i l  in  chloroform  was washed w ith  
a lk a l i?  w ater? and d r ie d . The p .m .r . spectrum  o f th e  r e s u l t in g  
yellow  o i l  d id  no t e x h ib it  th e  NOH proton? b u t had a  new a b so rp tio n  
a t  T  5»72 (3 p ro to n s) and was considered  to  be neopenty l 
«-m ethoxyim ino-p-n it rob enzyl m ethylphosphonate (Pounds C? 48  «4 ?
H? 6 .1 .  ^I4^2l^^2^6^ r e q u ir e s  0? 48-7? II9 6 .1 ^ ) .  The p .m .r .
spectrum  ( 20^  GDCl  ^ s o lu t io n )  showed a b so r p tio n s  a t : -  T 1 ,9 1  
(q u artet?  arom atic? 4N)? 5*72 ( s in g le t?  NOCH^ ? 3H); 6 . 2 0  (o c te t?
POGHg-? 2 H); 8 . 2 2  (doublet? P-CH^? 3H) and 9*02  ( s in g le t?  Bu"^ ? 9E)
and th e  i . r .  spectrum  ( l iq u id  f i lm )  peaks a t :  1638  ( v C«N)? 1598
(v  arom atic)?  1350  and 1 525  (vN O  )? 1260  (v P = 0 )? 1035  and 930 
( V POGHg)? and 860 cm.^ ( 6 NO^Ar).
The behav iou r o f  t h i s  m ethylated  compound was examined in  
ac id  and a lk a l in e  s o lu t io n . The compound (about 7O m .g. ) in  
dioxan (0 .7  m l.)  was added to  th e  Radiom eter t i t r a , t i o n  c e l l?  which 
was m ain ta ined  a t  pH 2 . 4 5  on ’pH s t a t . ’ A f te r  th e  i n i t i a l  s l ig h t  
d is tu rb a n ce  to  th e  system? a continuous t r a c e  w ith  no change was 
ob ta ined  over one hour ( t h i s  corresponds to  7 h a l f - l iv e s  o f  r e a c t io n  
tim e o f th e  non-m ethylated compound) .
The a lk a l in e  reg io n  was examined by u .v .  sp ec tro sco p y . A 
drop o f th e  o i l  in  59^  d ioxan-w ater w ith  a drop o f  sodium hydroxide 
so lu t io n  ( 2M) gave no a b so rp tio n  in  the  reg io n  35O-48O nm. (
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p - n i t r o a n i l in e  382 nm.) a f t e r  IO5 m inutes (which corresponds to  
10  h a l f - l i v e s  o f  r e a c t io n  tim e o f th e  non-m ethylated compound).
A more co n cen tra ted  s o lu t io n  (x 1 5 ) gave no v iv id  orange c o lo ra ­
t io n  w ith  p-dim e th y l amino benzaldehyde.
R eaction  o f  P ropyl «-hydro xy im ino-p- n i  t r o  b enzyl M ethylphos­
phonate w ith  Ca ) "Cyclohexyiamine and (b )' Met^^
Cyclohexylamine (25  m l.)  was added to  th e  phosphonate (0«3  g . ) 
in  dioxan (5 m l .) .  A fte r  11 hours a t  room tem perature? th e  
so lv e n ts  were removed a t  room tem perature under reduced p re s s u re .
The a d d i t io n  o f  p e t ro l  ( 4 0 - 6 0°) to  th e  re s id u e  d isso lv ed  in  th e  
sm a lle s t volume o f dioxan p r e c ip i ta te d  a l i g h t  yellow  s o lid  (O.15 g.) % 
A f u r th e r  q u a n ti ty  o f th e  s o l id  (22  m .g .? id e n t i f ie d  by i t s  i . r .  
spectrum ) was o b ta in ed  by e lu t io n  w ith  e th e r  o f  th e  re s id u e  
absorbed on alum ina. The s o lid  was id e n t i f ie d  as cyclohexyl 
p -n itro p h e n y l u re a  (?9?^ ) hy comparison o f  i t s  i . r .  spectrum to  
th a t  o f an a u th e n tic  sam ple. The compounds had id e n t ic a l  
v a lu es  (alumina? e th e r  so lven t?  io d in e  d e tec tio n ?  R^ -  O .36), 
m .p. and mixed m .p. 196°? r e s o l i d i f i c a t io n  and second m .p. 236° .
Cyclohexyl p -n itro  phenyl u rea  was made by a llow ing  
p -n itro p h en y l iso cy an a te  (O.4 8*9 2 . 4 4  m .m oles) in  dioxan (lO m l.)  
to  r e a c t  w ith  cyclohexylam ine (0 . 2 4  g*? 2 . 4 4  m.moles) f o r  one hour
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and c r y s ta l l i s e d  from m ethanol? m .p. 19 6°? r e s o l i d i f i c a t i o n  and 
second m .p. 241° (Pounds C? 5 9 -7 | H? 6 , 3 . r e q u ire s
C? 5 9 *3 ; H? 6 . 59^ ). II.v . 333 nm. ( e th a n o l) .  I . r .  (n u jo l
m u ll) 3380  and 3150  (v N _ S ), l 66l  (v C = 0 ) , 1 550  and 1323  (vNOg) 
and 857  cm.^ ( 6 NO^Ar).
(h) Me th anol
M ethanol (70 m l.)  was added to  a s o lu t io n  o f  the  pho sphonat; 
(270 m .g .)  in  d ioxan (lO m l.)  and l e f t  to  s tan d  f o r  24 hours a t  
room tem p era tu re . A f te r  removal of so lv e n ts  under reduced 
p ressu re  a t  room tem perature? the  a d d itio n  o f  e th e r  p r e c ip i ta te d  
a  s o lid  (70 m .g .) .  A p .m .r . spectrum o f th e  s o lid  showed i t  to  
he m ethyl « -hydroxy ira ino -p -n itrobenzy l m ethylphosphonate? whose 
n^m .r, spectrum  (0D0 1 _) showed ab so rp tio n s  a t  : V  I .7 8  (q u a r te t?  
arom atic? 4#)? 6 , 1^  (doublet? POGE^ ? 11 Ez? 3H); and 8 . 2 3
(doublet? PGE_? 18  Ha? 3H)
A d d itio n a l peaks in  the  spectrum w ith  p ro to n  r a t io s  no t 
r e la te d  to  th o se  o f  th e  adduct a t  7" 8 . 8 1  ( t r i p l e t ?  3H) and a t  6.5  
(q u a rte t?  2H) were assigned  to  e th e r .  There were no a b so rp tio n s  
a t t r i b u ta b l e  to  th e  propyl e s te r  m oiety .
D eterm ination  o f th e  pK^ o f «-Hydrox^^imino-p-n itro b e n z y l
This compound cannot undergo ac id  h y d ro ly s is  and th e  pE was
1 5 6
determ ined by Radiom eter t i t r a t i o n  o f  th e  adduct in  3 *59^  e th an o l 
-d ioxan  w ate r o f  io n ic  s tre n g th p ^ O .l?  fo llo w in g  th e  method o f
165A lbert and S e rg ean t, The mean pK^ value was 4*65 -  0 . 1 0  a t
2 5 .00°,
H ydro lysis o f  D iethy l «-hydroxyim ino-p- n i t  rob enzyl phosphate
The h y d ro ly s is  a t  low pH was com plicated by the  two e s t e r  
groups a v a i la b le  f o r  h y d ro ly s is  and the  g r e a te r  degree o f  
p - n i t r o a n i l in e  fo rm atio n . At pH 8 - 9  and 2 5 *0 0° th e  r a t e  o f  
fo rm ation  o f  ^ - n i t r o  a n i l  in e  was too  f a s t  to  measure and the  
in c re a se  in  th e  observed r a t e  c o e f f ic ie n t  from pH 2 - 4  r e f l e c t s  th e  
g r e a te r  p ro p o rtio n  o f  p - n i t r o a n i l in e  being  formed. At pH 2.5O, 
th e  s o lu t io n  was v i s ib ly  co loured  yellow .
The h y d ro ly s is  o f  th e  e s t e r  m o ie tie s  was s tu d ied  by n .m .r , 
sp ec tro sco p y , A s o lu t io n  o f  th e  compound in  d-B/ISO had th e  
expected spectrum  o f  th e  adduc t: T  1 . 8 0  (q u a r te t?  arom atic? 4H ); 
r  5.78 (q u in te t?  POGH^CH ?^ 4H) and T 8 , 7 9  ( t r i p l e t ,  POGH^CH ,^ 6H ),
Rapid h y d ro ly s is  (pseudo-un im olecu lar) occurred  on th e  
a d d itio n  o f  D^O to  form a 20^  aqueous s o lu t io n . The p .m .r . 
s ig n a ls  due to  th e  e s te r  m oiety  a t  T 5*8 d e c lin e d , w ith  in c re a s in g  
s ig n a l s tr e n g th  o f  th e  m ethylene p ro tons o f  f r e e  e th an o l a t  6,5* 
The f i r s t  e s te r  m oiety was com pletely  l o s t  a f t e r  10  m inutes 
( h a l f - l i f e ,  th e re fo re ,  about 1 m inute a t  3 5 *5°)? w hile th e  second
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e s te r  m oiety  was only  759  ^ hydrolysed  a f t e r  a  f u r th e r  1^ h o u rs .
The p .m .r , spectrum  o f  th e  f i n a l  s o lu t io n  ( a f t e r  15  hours 
showed th a t  com plete h y d ro ly s is  had occurred? shov/ing a b so rp tio n s  
a t  : Y 1 . 8 1  (q u a r te t?  arom atic? 4H)? "Y 6 .50 (q u a rte t?  CH^CH^ OH? 
4H); and V 8 .9 0  ( t r i p l e t ?  Og^ OHgOH? 6H).
The r a te  c o n s ta n ts  determ ined a t  2 5 *00° a t  pH 2 - 4  r e f e r  to  
th e  lo s s  o f  one e s t e r  m oiety  as determ ined from th e  volume o f  
t i t r a n t  added.
R eac tion  o f  p-N itro p h en y l iso cy an a te  in  Aqueous A lk a lin e  
S o lu tio n
p-N itropheny l iso cy an a te  (O.O4 m.moles) in  dioxan (0 .5  m l.)
was added to  th e  Radiom eter t i t r a t i o n  c e l l  a t  pH 8 .48 and 25°«
Rapid up take o f  sodium hydroxide s o lu t io n  occurred? which was
completed in  2 m inutes to  g iv e  a  yellow  so lu tio n ?  X ^  385  nm.
( X p -n i t ro a n i l in e ?  382  nm .). The r a te  o f a d d itio n  o f  sodium max ^ '
hydroxide was lim ite d  by th e  r a te  o f  o p e ra tio n  o f  the  au tom atic  
b u re t te  and i t  i s  th u s considered  th a t  p -n itro p h en y l iso cy an a te  
re a c ts  in s ta n ta n e o u s ly  to  form p - n i t r o a n i l in e  under the r e a c t io n  
c o n d itio n s .
R eaction  K in e tic s
The r a te s  were determ ined u sin g  a Radiom eter t i t r a t i o n
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assembly? a T i t r a to r  TTTll? a  T itr lg ra p h  SBR 2o? and a  b u r e t te  
0.ssembly SBU l a .  The 100 m l, c a p a c ity  t i t r a t i o n  v e sse l had a 
th e m o s ta t i c a l ly  c o n tro lle d  ja c k e t .  The tem peratu re  c o n tro l  a t  
25*00° v/as T o0005° and a t  o th e r  tem p era tu res ±0 . 1 ° .  Radiom eter 
Type 0 g la s s  and E4OI s a tu ra te d  potassium  c h lo r id e  e le c tro d e s  
were f i t t e d  through a l i d  to  th e  v esse l?  to g e th e r  w ith  th e  
au tom atic b u r e t t e .  A s t i r r e r  paddle was mounted through th e  l i d  
and d riv en  e x te rn a lly  by an e l e c t r i c  m otor. The t i t r a t i o n  v e s se l 
was p ro te c te d  by s e l f - in d ic a t in g  sodalim e g u a rd - tu b e .
A s to ck  s o lu t io n  o f  io n ic  s tre n g th  {x-O.l w ith  [HOI] = 0 . 01ÎÆ 
and [NaCl] -  O.O9M was u sed . During th e  t i t r a t i o n ?  no t more than  
0 ,5  1^ 1 * o f  sodium hydroxide (O.IN) was added. Thus? th e  io n ic  
s tre n g th  o f th e  s o lu t io n  was O.BÎ ± 0 .002ÎVI. 25 m l. o f th e  s to ck
s o lu t io n  was brought to  th e  d e s ire d  pH and allow ed to  come to  
eq u ilib riu m  f o r  ^  h o u r .
The compound (0 .04  m.mole) in  dioxan (0 .5  m l.)  was added via,
a  sy ringe  in to  th e  t i t r a t i o n  v e s s e l .  In  th e  a c id  region? sodium
hydroxide s o lu t io n  (O.IM? B.D.H. carbonate  f r e e )  was added immedi­
a te ly  to  fo llo w  th e  r a te  o f  p ro d u c tio n  o f  acid* At in te rm e d ia te  
and a lk a l in e  pH? ra p id  d ep ro to n a tio n  was c o r re c te d  m anually to  
r e tu r n  th e  pH to  th e  d e s ire d  value? and th e  au tom atic  t i t r a t o r  then  
allow ed to  fo llov/ th e  r e a c t io n .
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The s o lu t io n s  were 2fo in  dioxan f o r  a l l  o f  th e  hy d ro ly ses  
except fo r  some o f th e  phosphinate  ad d u c ts , where i t  was n ecessa ry  
to  use a 49  ^ e th an o l-d io x an /v /a te r m ixture because o f  th e  reduced 
s o lu b i l i ty  ( in d ic a te d  by ^ in  Table 2 5 ) ,  I t  was found, however, 
th a t  when th e  r e a c t io n  medium fo r  some o f th e  phosphonate adducts 
was changed to  49  ^ aqueous d ioxan , o r  àffo aqueous e th an o l-d io x an  no 
change in  r a t e  c o e f f ic ie n t  o ccu rred . As th e  t i t r a t i o n  proceeded 
in  a lk a l in e  s o lu t io n , th e  co n ten ts  o f th e  Radiom eter c e l l  became 
b r ig h t  ye llow . At low pH, th e  so lu tio n  became more yellow  as  th e  
r a te  dropped o f f  above pH 3 .
Rate c o n s ta n ts  were c a lc u la te d  e i th e r  by Guggenheim’s method 
o r by th e  use o f  the  in te g ra te d  f i r s t - o r d e r  r a t e  eq u a tio n .
Values o f  th e  f i r s t - o r d e r  r a te  c o n s ta n ts  a re  ta b u la te d  a t  
low pH a t  25,00° (Table 24)9 h igh  pH a t  2 5 *0 0 ° (Table 2 5 ) , and a t  
h igh  pH a t  v ary in g  te m p era tu res  (Table 2 6 ) ,
A rrhenius param eters a re  p lo tte d  (Table 27) and v a lu es  o f  th e  
en e rg ie s  and e n tro p ie s  o f a c t iv a t io n  are  ta b u la te d  (Table 2 8 ) , 
Values o f  th e  en tropy  o f  a c t iv a t io n  were c a lc u la te d  by th e  eq u a tio n  
o f S ch aleg er and Long.
A continuous r a t e  -  pH p r o f i l e  was determ ined only  f o r  e th y l 
« -hydroxy im ino -p -n itrobenzy l m ethylphosphonate. As th e  r a te
dropped o f f  w ith  in c re a s in g  pH, so th e  co lo u r o f  th e  r e a c t io n
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so lu t io n  became more in te n s e ly  yellow . For th e  adducts capab le  
o f  ac id  h y d ro ly s is?  th e  r a t e  was follow ed to  pH 3*5  and in  th e  
a lk a lin e  reg io n  where th e  v a lu es  were e s s e n t i a l l y  constan t?  over 
th e  sh o r t range o f  pH 8 - 9  »
The r e a c t io n  o f  e th y l a-hydroxyim ino-jD -nitrobenzyl
t-b u ty lp h o sp h o n a te  was slow in  ac id  so lu tio n ?  th e  f i r s t - o r d e r  r a te
co n s tan t was 4*1 x 10 ^minT^ a t  pH 2 . 5 0 . T his va lue  re p re s e n ts
bo th  h y d ro ly s is  to  y ie ld  e th an o l (d e tec ted  by g . l . c . ?  159^  D .N .P .,
60°? Aerograph 1520  b) and rearrangem ent to  y ie ld  p - n i t r o a n i l in e .
The u .v .  spectrum  o f  th e  h y d ro ly sa te  showed th e  p resence o f
p - n i t r o a n i l in e  ( X 380 nm .) and o f th e  1 : 1  adduct o r  i t s  — max
h y d ro ly s is  p roduct ( X 268 nm .).max '
TABLE 2 4 :
R R_
Me Me
Rate C onstan ts (2 5 *00° )  f o r  A cid ic  H ydro lysis o f
Ï H Z E ô M ï - B o ^ C g V p ^
1 _  .  n  ^  / . r .  . . . .
Et Me
pH 2 . 1 0 2.39 2.75 3.09
lOk^ 3.56 6 . 1 0 8 .7 1 8 . 1
pH 2.10 2 .50 2.80 3.00 3 .2 8 3 .50
lOk^ 6 .90 7 .00 7.10 7 .10 7.50 6 .50
pH 3.72 4 .00 4.32 4 .5 0 4.63 5.02
lOk^ 5.90 5.30 3.40 4 .2 0 2 . 6 0 2.30
pH 6.00 6 . 5 8 6 . 8 0
l o h 1.50 1.30 1.20
I 6 l
( ta b le  2 4 ? co n td .)
R R^ pH and Rate C onstan ts (lOk^;tnin 0 }
Pr Me pH 2.00 2 . 3 2 2.67 3 .00 3 .3 1 3 . 6 0
lOk^ 4 - 7 3 4 . 6 9 4 * 60 3 . 8 4 3.96 3 .50
Pr^ Me pH 2 .0 8 2.40 2 .8 9 3 .15 3 . 3 5 3 .60
10^1 1 . 3 7 1.46 1.47 1 .45 1.41 1 . 2 1
pH 3 . 9 0
10k , 1 . 0 1
Bu’ÏCH^ Me pH 2 . 0 0 2.35 2.58 3 .00 3.32 3 . 6 1
10k , 0 , 8 7 0 . 8 5 1.03 1 . 0 0 0 . 8 4 0 . 8 5
pH 3 .9 9
10k , 0 . 6 2
ButcM e Me pH 2 . 1 0 2.40 2.72 3.00 3.24 3.52
IQk, 0 . 0 9 0 . 1 0 0 . 1 0 0 . 1 1 0 . 1 2 0 . 1 3
Et Et pL 2.19 2.30 2 . 6 0 2 . 8 5 3.19 3.32
10k , 2 . 6 0 2.90 4.20 4 .0 0 3.90 3 .30
pH 3 . 6 0
lO k, 2 . 9 0
Et* Ph pH 2 . 1 1 2.53 2 . 6 3 2.71 2 . 8 3 2.91
10k , 0 . 5 4 l o l l 1.52 2 . 0 0 2.23 1 . 8 8
pH 3 . 1 0 3.31 3.53
10k , 1 . 6 7 1.54 1.37
Et Bu’’^ very slow a t pH 2 .5
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( ta b le  2 4 ? o o n td . )
R e2.
Me* Me
pH and Rate C onstan ts (lO k,m ln. )
pH 2.31 2.40 2.46 2 .50 2.54 2.59
lOlc, 2.11 2.17 2 . 3 8 2.55 2.67 3 .04
pH 2.66 2.73 2 . 8 0 2.90 2.94 3.00
10k, 3.21 3.27 3.15 2.94 3.00 2 . 8 9
pH 3 . 1 6 3.42 3.62
10k, 2 .70 2 .2 8 2.34
*At 0 .00° .
A ll o f  th e  r a te  c o e f f ic ie n ts  f o r  b o th  ac id  and a lk a l in e  
s o lu t io n  h y d ro ly s is  a re  es tim ated  to  have an accuracy  o f  ± 4%* 
The v a lu es  o f  th e  a c t iv a t io n  en e rg ies  a re  a c cu ra te  to  i  59^  
and th e  e n tro p ie s  o f a c t iv a t io n  to  ± 1  e ,u .  (Table 2 8 ) .
TABLE 253 R ate Consta n ts  ( 25*00  ) f o r
M E H M r B - I O g C g ^ E r a
i s  o f
R pH and Hate C onstan ts (lO k,m in. )
MeO Me pH 7 - 9 5 8.42 9 .07
10k, 1 .10 1 .05 1 .03
EtO Me pH 8.00 8 . 6 0 9.09
10k, 0 .90 0.88 0 . 8 2
Pro Me pH 7.98 8 .48 8 .9 5
lO ki 0 .74 0 .72 0 .67
Pr^O Me pH 6.09 8.48 9.10
10k , 0 .45 0.47 0 .44
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( t a b le  2 5 , o o n t d . )


















p ( o ) x
pH 8 . 0 3 8 .50 9 .0 5
101^1 0 .6 0 0 . 6 1 0.59
pH 8 . 0 0 8.48 8 .95
10^1 0.41 0 .40 0.41
pH 7.98 8 .48 9.04
10^1 0.78 0 . 6 6 0.67
pH 8 .04 8 .47 9.08
0 .65 0.59 0 .5 7
pH 7.97 8 . 4 8 8 .9 7
10^1 3.70 4 .42 4.79
pH 7 .8 7 8.47 8 .98
lOk^ 0.096 O.O64 0.042
pH 7 - 9 5 8 .4 5 9 .08
lOk^ 0.59 0 .54 0.47
pH 8 .05 8 .45 9 .30
lOlc^ 0.36 0 . 3 9 0 . 3 7
pH 7.98 8 .53 9 .09
10k l 0.17 0 .14 0 .1 4
(table 25, con ta -)
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0 . 3 4
8.48
0 . 2 9
9 . 1 3
0 . 2 7
EtO.
Etc-







* X = -0 C (p -0  NC.H )=NOH.
At 0 .0  o E x trap o la ted  value o f  k. a t  2 5 «0 5 pH 8.485 
i s  0 .91  minT^
^ 4^ d io x an -e th an o ls  see t e x t .
TABLE 26
R
Rate C onstan ts a t  D i f f e r e n t _______________
fo r  H ydro lysis  o f  RR* P (0 )0 0 (p-N0_0^E )=NQH
—1f i l  Tem perature and Rate C onstan ts (lOOk.,m in. )
EtO Bu"^ Temp. 30.7° 25.0 20.3 14.7
100 k^ 12 .0 6 .1 3 .20 1.60
12.1 6 .0 3.25 1 . 6 5
MeO Me Temp. 25.0° 1 8 . 3 13.9 0.00
100k, 10.5 4 .36 1 . 9 9 0.36
EtO EtO Temp. 15.8° 1 2 . 1 5.0 3.1
100  Ic 2 8 . 2 1 6 . 9 5.8 3.10
27.4 16 .5 5.6 3.00
Et Et Temp. 39.0° 35.1 , 29.5 25 .0
100  k. 2 .40 1.72 0 .93 0 .55
1.69 0 . 6 0
165
( t a b l e  265 c o n bd »)







Me< P (0 )X
Tempo 25.0° 19.9 13.9 7 .5
100 7.20 4 .0 5 1 .70 0 .69
7.20 4.10 0.66
Temp. 25.0° 20.1 13.2 5.7 0,00
100 k 6 .5 3 .50 1.26 0.60 0 . 2 9
6 .4 3.44 1,27 0 .5 4 0 ,2 8
Temp, 31.4° 25.0 2 0 .2 1 3 .4 8 . 2
100  k- 10 .4 5.40 2 . 8 1 1.32 0.62
10.8 5.40 2 . 8 6 1.29 0.64
Temp. 25.0° 18 .5 18 .1  11 .7  8 .4 2 .:
100 3.66 1 .56  1 .53 0 .73 0.39 0 .
X^ = -OG(p-OgNGgH.)=NOH
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TABLE 2 7 : A lk a lin e  Rate Constant s  a t  D if fe re n t Tem peratures
P resen ted  fo r  A rrhenius P lo ts
Temp.°C Temp.°A T~^ 1 0"^  \  lo g  l o \(m in .-T ) -----§------ -
2 5 .0  2 9 8 .0  0 .3 3 5 6  0 .1 0 3  4 .6 3 4 8
2 9 1 .3  0 .3 4 3 3  0 .0436  3 .7751
1 3 .9  286 .9  O .35O8 0 .0199  2 .9 9 0 7
0 .0  2 7 3 .0  0 .3 6 6 3  0 .0038  1 .3 3 5 0
M e / ,P ( 0 )X 
Me,
Z ,T (0 )X





31.4 2 8 6 . 4 0 . 3 2 8 5 0 . 1 0 6 4.6635
25.0 298.0 0.3356 0.054 3.9890
20.2 293.2 0.3411 0 .0 2 8 3.3429
13 .4 2 8 6 . 4 0.3492 0.013 2.5726
6 .2 2 8 1 .2 0.3557 0.0063 1.8405
39.0 312.0 0.3205 ' 0.024 3 .I7 8 I
35.1 308.1 0.3246 0.017 2 .8 3 3 2
29.5 302.5 0.3306 0.0093 2.2300
25.0 298.0 0.3356 0.0058 1.7579
25.0 298.0 0.3356 0.072 4.2767
19.9 292.9 0.3415 0.041 3.7136
13.9 2 8 6 .9 0 .3 4 8 6 0,017 2.8332
7 .5 280.5 0 .3 5 7 7 0.0068 1.9168
15.8 2 8 8 .8 0.3462 0.278 5.6277
12.1 2 8 5 .1 O.35O8 0.167 5.1180
5.0 278.0 0 . 3 5 9 7 0.058 4.0605
0 .0 273.0 0.3663 0.0305 3.4177
M e /  '',P (0)X
EtO~_
2/ P ( 0 )X
EtO
m t-
:p ( o )x
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T e m p /c  Temp.°A T~^10 ^ ^
= -OC(p-OgNGgH )=N0H
(min.
25 .0 298,0 0.3356 0.0366 3 . 6 0 0 1
1 8 . 5 291.5 0.3431 0,0156 2.7473
1 8 . 1 291.1 0 . 3 4 3 5 0.0153 2.7279
11.7 2 8 4 .7 0.3512 0.0073 1 . 9 8 7 9
2 . 1 275.1 0.3635 0.0023 0 , 8 3 2 9
25.0 298.0 0.3356 0 . 0 6 4 5 4.1667
2 0 . 1 293.1 0.3412 0.0347 3.5468
13.2 2 8 6 .2 0 . 3 4 9 5 0.0127 2.5616
5.7 278.7 0 . 3 6 0 1 0.0057 1.7405
0 . 0 273.0 0.3663 0 .0 0 2 8 1.0296
30.7 303.7 0.3293 0 , 1 2 0 2 .4 8 4 9
25.0 2 9 8 . 0 0.3356 0 .0 6 1 1 . 8 0 8 3
20.3 293.3 0.3410 0.032 1.1910
14.7 287.7 0 . 3 4 7 5 0.0163 0 . 4 8 8 6
Good A rrhenius p lo t s  r e s u lte d  fo r  a l l  th e  compounds <. The 
p lo t  fo r  e th y l  a -h y d ro x y im in o -p -n itro b en zy l t-b u ty lp h o sp h o n a te  
i s  t y p ic a l  o f  th o se  o b ta in e d .
: Arrhenius Plot for: the Reaction' of T/hyl
1 a-hydroxyiinino~p-nitroôonzyl t^butylphosphonate







TABLE 28: A rrhenius Param eters fo r  th e  A lk a lin e H ydrolyses
ôf"HR'P(d)dC(!p- L P m Ê
R sL Teiim, Range E , a c t
(Koals ^ o l e ) (eu . )
EtO EtO 3-16° 8.45 22.2 +7 . 3
EtO Et 0-25 8.48 18.7 - 11,4
Et Et 25-39 8.48 18.7 - 16.2
MeO Me 0-25 8.44 19.5 - 7 .8
EtO Bu^ 15-30 8.47 22.3 +0 .5
PrO Me 8-25 8.48 21,1 - 3 .2
Meg
Me{ p ( 0 ) x *  8-31 8 .45 19.6 -8 .8
M®2
M e<^^^P(0)X  2-25  8 .4 8  2 0 .7  - 4-7
*X = -00(p-MOgCgS. )=HOH
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H ydro lysis o f  E thy l P in ao o ly l M etiiylphosphonate
E thy l p in ao o ly l m ethylphosphonate was prepared  by th e  method 
o f  C a d o g a n a n d  had b .p .  52/O .4 im . ; n^^\ I . 423O.
B enzenesulphonic ac id  was supp lied  as a 30^ s o lu t io n  and the  
p -to lu en esu lp h o n ic  ac id  was o f B.P.H. MoAoR. q u a l i ty .
G-ol.Co A nalysis
.Analysis o f  th e  o le f in s  formed d u rin g  th e  h y d ro ly s is  was 
performed on a 7 ’ column o f 15^  dinon^rl p h th a la te  absorbed on 
s i lo c e l  a t  23°? u s in g  an Aerograph I 52OB chrom atograph equipped 
w ith  a  flam e io n iz a t io n  d e te c to r .
K in e tic  Measurements
The r a t e  o f  ac id  h y d ro ly s is  was fo llow ed in  sea led  tu b es  
immersed in  an o i l  b a th  a t  100^ t  0 .02^ . 2 m l. o f  a s o lu t io n  o f
known c o n c e n tra tio n  o f th e  e s t e r  in  e th an o l and 2 m l. o f  aqueous 
p - to lu e n e su l phonic ac id  ( I 086M) were sea led  in to  each tube and? 
a f t e r  in c u b a tio n  and cooling? th e  co n ten ts  o f th e  tube were t i t r a ­
te d  a g a in s t s tan d ard  a l k a l i  u s in g  bromophenol b lu e  as  in d ic a to r .
The r a t e  o f  h y d ro ly s is  was a lso  fo llow ed by the  r a te  o f  f o r ­
m ation o f the  o le f in s .  A known volume o f  s tan d ard  bromate s o lu t io n  
w ith  excess bromide io n  was added to  th e  tu b e  and th e  excess o f
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■bromine t i t r a t e d  as th e  q u a n ti ty  o f io d in e  l ib e r a te d  by added 
io d id e  io n  u s in g  stan d ard  sodium th io s u lp h a te  s o lu t io n  and s ta rc h  
in d ic a to r .  A b lan k  ru n  o f  e th an o l and p - to lu e n e su l phonic a c id  
showed th a t  no u n sa tu ra te d  m a te r ia l  was formed a t  100° fo r  13 
h o u rs .
I n f i n i t y  v a lu es  were c a lc u la te d  from th e  amount o f  e s t e r  
ta k en . F i r s t - o r d e r  r a t e  c o n s ta n ts  were o b ta in ed  g ra p h ic a lly  
u s in g  th e  in te g ra te d  f i r s t - o r d e r  r a te  eq u a tio n  ( fa b le  29 ) ,
TABLE 29 2 F i r s t - o r d e r  Rate C onstan ts f o r  H ydro lysis o f  E thy l 
P in ao o ly l M ethylphosphonate in  5 ^  aq u eo u s-e th an o l? 
0 .9 ^  w ith  r e s p e c t  to  p-T oluenesu lphonic  acid? a t  100°
Acid t i t r a t i o n   ..............  10^k^(min, ) 2.38 2 .45
O le fin  t i t r a t i o n  ............  10^k^(min. 0 ,67 0.68
Under s im ila r  r e a c t io n  co n d itio n s?  th e  r a te  co n s tan t f o r  th e
-5d eh y d ra tio n  o f  p in a o o ly l a lco h o l was es tim a ted  to  be 8 ,7  % 10 
mins,*~^ A b lan k  experim ent in  which known w eights o f  th e  o le f in s  
were k ep t under th e  r e a c t io n  co n d itio n s  f o r  5 hours and th e n  
t i t r a t e d ?  showed a d isc rep an cy  o f about 70^  which was a t t r ib u te d  
to  th e  v o l a t i l i t y  of? and to  p o ss ib le  h y d ra tio n  of? th e  o le f in s  in
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th e  r e a c t io n  m ix tu re ,
A g . l . c ,  techn ique  was a lso  employed to  fo llow  th e  co n cen tra ­
t io n  o f o le f in s  in  th e  r e a c t io n  m ix tu re . The e s te r  in  IH benzene- 
su lphonic a c id  in  aqueous d ioxan ( 50^  v/v? 4 la lO  was h ea ted  in  a  
sea led  tu b e  a t  100° fo r  I 3 .8  h o u rs , Wien cool? a  p o r tio n  (2 m l,)  
was added to  dry? e th a n o l- f re e  chloroform  (5 m l,)  in  a  cooled 
se p a ra tin g  fu n n e l. The m ix tu re  o f o le f in s  so e x tra c te d  in to  th e  
chloroform  la y e r  was analysed  by g . l . c .  u s in g  th e  1$^ BHP column. 
C a lib ra t io n  o f  th e  procedure w ith  known m ix tu re s  o f  th e  a u th e n tic  
o le f in s  in d ic a te d  a p re c is io n  o f  ± 20- 30^ ,
D ehydration  o f  p in a o o ly l a lco h o l to  g iv e  th e  same m ix tu re  o f  
o le f in s  was conducted under s im ila r  c o n d itio n s  (lOO° f o r  47 h o u rs ) . 
The r e s u l t s  o f  th e se  experim ents (Table 30) ag a in  show th a t  th e  
d ehydra tion  o f th e  a lco h o l i s  a  slow er p ro cess  th an  th e  fo rm ation  
o f  th e  o le f in s  from e th y l p in a o o ly l m ethylphosphonate.
The sem i-q u an ta tiv e  r e s u l t s ?  assuming a f i r s t - o r d e r  r e a c t io n
lead  to  a r a t e  co n s tan t (k^) o f 0*9 % lO” m in,"' ? which compares
w ith  th e  k^ = 3«>7 X 10 m in, determ ined by th e  more a c cu ra te
135t i t r i m e t r i c  method. The correspond ing  f o r  d eh y d ra tio n  o f
p in ao o ly l a lco h o l i s  3*5 x 10"^ min,'~^
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TABLE 30 3 P roduction  o f  O le fin s  by th e  H ydro lysis o f  E thy l 
P in ao o ly l M ethylphosphonate and th e  D ehydration
E s te r A lcohol O le f in R atio s o f  Isom eric O le f in s
(moles
X lo 4 )
I m s is s .
j l 1.q11
JU m o les) Bu'^OH:CHg MepCH'GMesOH IMegOsOMeg
8 .04 24 1 21 104
8.13 39 1 34 173
10.60 35 1 11 100
3.95 8 1 25 113
3.81 10 1 23 104
P roduct A nalysis o f  H ydro lysis
A goloC , exam ination o f th e  h y d ro ly s is  p roducts  o f  th e  
p in ao o ly l e s t e r  a f t e r  6 ,5  hours a t  100° showed th e  p resence  o f  the  
th re e  o le f in s  expected to  be derived  from th e  p in ao o ly l carbonium 
io n . They were id e n t i f i e d  by com parison w ith  th e  a u th e n tic  
o le f in s ?  which were k in d ly  su p p lied  by th e  BoP, Research Centre? 
Sunbury-on-Thames, The o le f in s  gave w e ll-s e p a ra te d  peaks a t  23° 
( r e t  e n tio n  t  ime in  b rack e t s ) s -  3? 3 -d im e th y lb u t- l-en e  ( 1 » 5 m in s, ) ?
2? 3-"dim ethylbut-l~ene ( 2 .5  m ins, )? and 2? 3 -d im eth y lb u t-2 -en e  (4*7 
m in s, ) .
E x tra c t io n  o f th e  aqueous s o lu t io n  w ith  chloroform  y ie ld e d  a 
sm all q u a n t i ty  o f  a  gummy o il?  which was d i s t i l l e d  to  g ive  a
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c o lo u rle s s  o il?  whose n .m .r . and i . r .  s p e c tra  were id e n t ic a l  to  
a u th e n tic  e th y l hydrogen m ethylphosphonate.
The In term ed iacy  o f  P in ao o ly l A lcohol during  the  H ydro lysis 
I t  was found to  be j u s t  p o ss ib le  to  d e te c t  1*5 x 10 ^ moles 
o f  p in ao o ly l a lco h o l on a  10^ GAR 2CM column a t  25° u sin g  a  
P erkin-E lm er ELI chrom atograph.
The e s t e r  (0 .8665 g , ? 41*6 m .m oles) was added to  50^ aqueous 
dioxan (5 m l,)  IM w ith  re sp e c t to  benzenesulphonic acid? and hea ted  
a t  100° f o r  6 .8  h o u rs . A fte r  quenching th e  m ixture? i t  was th en  
e x tra c te d  w ith  chloroform  (lO m l,)  and examined by g . l . c .  Ho peak 
due to  p in ao o ly l a lco h o l was observed? and i t  was es tim ated  th a t  
th e  h y d ro ly s is  m ix tu re  d id  n o t co n ta in  more th a n  6 ,1  x 10 ^ moles 
o f  th e  a lc o h o l. The combined r a te  equa tion  f o r  two co n secu tiv e  
f i r s t - o r d e r  re a c tio n s?  th e  h y d ro ly s is  to  g ive p in ao o ly l a lco h o l 
follov/ed by d eh y d ra tio n  o f th e  l ib e ra te d  a lcoho l?  u s in g  th e  g , l , c ,  
determ ined r a te  co n stan ts?  showed th a t  th e  l im i t  o f  d e te c t io n  o f 
p in a o o ly l a lco h o l Y/as l e s s  th an  Ifo o f  th a t  th e o r e t i c a l ly  p o s s ib le  
in  th e  h y d ro ly s is ,
A se p a ra te  experim ent showed th a t  th e  e x tra c t io n  o f  p in a o o ly l 
a lco h o l from ac id  aqueous dioxan by chloroform  was q u a n ta t iv e ,
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DISCUSSION
The chem istry  o f  n l t r i l e  ox ides has been reviewed by Grand- 
142mann. ^ In  genera l?  u n le s s  s t e r i o a l l y  prevented? n i t r i l e  o x id es  a re  
v ery  l a b i l e  tow ards a u to -c o n d en sa tio n . A ll sim ple a l ip h a t ic ?  and most 
arom atic  and h e te ro c y c l ic  n i t r i l e  ox ides a re  s ta b le  on ly  a t  tem pera­
tu r e s  below - 70° ,  p -N itro b e n z o n itr i le  oxide i s  unique in  th a t  i t  i s
142re p o rte d  to  be s ta b le  f o r  lo n g e r  th an  t h i r t y  days. The most f r e ­
q u en tly  observed mode o f  au to -co n d en sa tio n  o f  n i t r i l e  ox ides i s  t h e i r  
d im e riz a tio n  to  fu roxans (l?2? 5«“O x ad iazo le -2 -o x id e s) . T his i s  th e  
normal r e a c t io n  o f  n i t r i l e  ox ides in  s o lu t io n  o r  under sto rage?  a t  
room tem p era tu re  and n e u tra l  c o n d itio n s ,
N i t r i l e  ox ides undergo a  v a r ie ty  o f  a d d i t io n  r e a c t io n s  w ith  
p ro to n  donors? hydrogen h a lid e s?  th io ls ?  phenols? and am ines. The 
re a c t io n  o f  w a te r w ith  a  n i t r i l e  oxide to  g ive  a  hydroxamic a c id  i s
166re p o rte d  to  be a c id -c a ta ly s e d .
T h io ls  add e a s i ly  to  arom atic  n i t r i l e  ox ides to  y ie ld  a lk y l
th iohydrox im ic a c id s  (55)* Benn^^^ proposed th a t  th e  c i s  isom er
o f  th e  adduct was form ed. T his i s  supported  by th e  use o f








gluoosidesy  which a re  a lk y l th iohydroxim ic a c id  d e r iv a t iv e s  and 
have been proved by X-ray c ry s ta llo g ra p h y  to  possess th e  c i s  
c o n f ig u râ tio n .
Adducts o f  n i t r i l e  ox id es w ith  c a rb o x y lic  a c id s  and 
t h e i r  s i l v e r  s a l t s h a v e  been d e sc rib e d . Grundmann and 
ïtrommeld re p o r te d  th e  fo rm ation  o f  th e  adduct ( 56)* A
s im ila r  p ro d u ct (5?) had p re v io u s ly  been shown to  re a rra n g e
. . .  168 r e a d i ly .
Me Me
Me < ) 0 a  N-0 + MeOO^H ^  Me ( \  G(O-CO.Me) « NOH
( 56)
PhC(Cl) = HOH + EhCO Ag HiC(0»C0-jE>h) = NOH + AgCl
( 57) I
PhC(0)HH.0G(0)Ph
169Alexatidrou and N io o la id es  s tu d ied  th e  r e a c t io n  o f
b e n g o n i tr i le  oxide and th e  s a l t s  o f  ca rb o x y lic  a c id s .  They 
i s o la te d  no t th e  i n i t i a l  a d d i t io n  product (analogous to  56) ,  b u t 
th e  rea rran g ed  p roduct (58) s im ila r  to  th a t  o b ta in ed  by Werner 
The a ry l  benzamide (58) was suggested  to  have a r i s e n  from an  
in tra m o le c u la r  a cy l m ig ra tio n  thugs
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q/   >  H1*0(0)MH-OC(0)R
^ ^ 0 * E  (58)
D uring th e  p re se n t work, a  number o f  adducts ArC(Y) « HOH 
have been p repared  from p -n i t r o b e n z o n i t r i le  oxide and phosphorus 
acids? where Y i s  a  phosphorus ac id  an ion  and Ar i s  _p~nitrophenyl. 
( in  a l l  subsequent form ulae? Ar w il l  always re p re se n t th e  
p~nitropheny l m o ie ty .)  The fo rm ation  o f  th e  adduct o f  p - n i t r o -  
b e n z o n itr i le  oxide w ith  th e  phosphorus ac id  was always accompanied 
by v ary in g  q u a n t i t ie s  o f  th e  d im e riz a tio n  p roduct o f  p -n itro b e n -  
z o n i t r i l e  oxide? p -n itro p h en y l fu roxan . The two compounds were 
e a s i ly  separated?how ever? by th e  s o lu b i l i ty  o f  th e  I s l  adduct w ith  
th e  phosphorus ac id  and th e  in s o lu b i l i t y  o f  th e  dimer? 
p -n itro p h en y l furoxan? in  a lc o h o ls .
By analogy w ith  th e  a d d i t io n  o f  t h io l s  and th e  ra p id  
rearrangem ent o f  Alexandrou and H icolaides* adducts? which would 
be expected to  proceed v ia  th e  c is  fo m  in  th e  in tra m o le c u la r  acy l 
m igration? th e  a d d i t io n  o f  th e  phosphorus ac id  probably  o ccu rs to  
g ive  the  c i s  isom er (59) th u ss
N-Ô
 >  ArC'' ^OH
EO-R'P(O)
E '•P (0 )*0E
(59)
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This form w i l l  a lso  be expected  to  be s t a b i l i s e d  by in tram o lecu -
96l a r  hydrogen bonding.
The suggested  s t r u c tu r e s  o f  th e  adducts were in  accord  w ith  
th e  p .m .r . and i . r . ?  s p e c tra  ob ta ined  fo r  them . The compounds 
were in s ta n ta n e o u s ly  decomposed by water? and f o r  t h i s  reaso n  
g r e a te r  to le ra n c e  was allow ed w ith  th e  e lem en ta l a n a ly s is .  The 
adducts p repared  a re  summarised in  Tables 19 and 21 (pages 138 
and 143 r e s p e c t iv e ly ) .  The r a te  c o n s ta n ts  f o r  t h e i r  s o lv o ly t ic  
behav iour a re  to  be found in  T ables 24? 25? and 26 (pages l60? 
162? and 164 r e s p e c t iv e ly ) .
The p o s i t io n  o f  th e  in fra r-red  oxime s t r e tc h in g  frequency  i s  
in te r e s t in g  because o f  th e  two p o s it io n s  observed f o r  i t*  The 
a lk y l m ethylphosphonate adducts (59? R' = Me) showed v a lu e s  a t  
about 1630 cm.’*'^ ? w hile a l l  th e  o th e r  adduc ts  showed v a lu es  a t  
about 1700 cm."**^  Bellamy quotes th e  n) G « H a b so rp tio n  in  
open-chain  o r  in  non-corgugated  r in g  system s a s  ly in g  w ith in  the  
range 1690-1640 cm.*“^ There appears to  be no sim ple e x p la n a tio n  
o f th e  two a b so rp tio n  v a lu e s  observed .
Cadogan and Maynard ^ ^ 170 ^.gported th e  adduct e th y l 
a -h y d ro x y im in o -p ^ n itro b en z y l m ethylphosphonate (591 R « Et?
R* « Me) to  be l i g h t  s e n s i t iv e .  As a  r e s u l t  a l l  o f th e  adducts 
re p o r te d  in  t h i s  th e s i s  were prepared  and s to re d  u nder dark
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c o n d itio n s . However? d ioxan so lu tio n s  o f  th e  adducts were s ta b le  
f o r  a t  l e a s t  a  day in  m o is tu re -p ro te c te d  v e sse ls?  which were no t 
m ain tained  in  d ark n ess .
Nomenclature
The adduct8 o f  p - n i t r o b e n z o n i t r i le  ox ide w ith  v a rio u s  
d ia ll^y l hydrogen phosphates? a lk y l hydrogen alky lphosphonates? 
and hydrogen d ia lk y lp h o sp h in a tes in c lu d in g  c y c lic  p ro d u cts  have 
th e  g en e ra l form ula (60)? i . e .  a lk y l o6-hydroxy5m ino-p-nitrobenzyl 
a lk y lp h o sp h y ls  s
R y '  '^OC(Ar) = NOH
(60)
The adduct from th e  n i t r i l e  oxide and d ia lk y l  hydrogen phosphate 
w i l l  be r e f e r r e d  to  as  th e  d ia ll^y l phosphate adduct (60; R R* = 
alkoxy)? and in  a  s im ila r  way th e  adducts d e riv ed  from a lk y l 
Jiydrogen alky lphosphonates and hydrogen d ia lk y lp h o sp h in a te s  w il l  
be r e f e r re d  to  a s  th e  a lk y l alky lphosphonate adducts (60; R « 
alkoxy) and as th e  d ia lk y lp h o sp h in a te  adducts (60) r e s p e c t iv e ly .
S o lv o ly tic  B ehaviour
The th r e e  c la s s e s  o f  compound? th e  d ia lk y l  phosphate adduct
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(60; R = R* = alkoxy)? th e  a lk y l a lk y l phosphonate adduct s (60;
R = alkoxy) and th e  d ia lk y lp h o sp h in a te  adduots (60) ex h ib ite d  
v a ry in g  b ehav iou r on h y d ro ly s is  a t  v a r io u s  pH. The r e s u l t s  o f  
th e se  h y d ro ly ses  a re  summarised in  Tables 24 (a c id  h y d ro ly s is )  
and 25 ( a lk a l in e  h y d ro ly s is )?  pages l6 0  and 162 ? r e s p e c t iv e ly .
In  ac id  s o lu t io n  a  very  f a s t  h y d ro ly s is  occurred? w ith  th e  lo s s  
o f  th e  e s t e r  m oiety  (Table 22? page 148). In  a lk a l in e  s o lu t io n  
m ig ra tio n  o f  th e  phosphyl an io n  took p lace  s im ila r  to  th a t  re p o r te d  
by Alexandrou and N ico la ides?^^^  bu t in  th e  p re se n t work w ith  
f u r th e r  r e a c t io n  to  y ie ld  p - n i t r o a n i l in e .
The k in e t ic s  o f  th e  h y d ro ly s is  o f  th e  adducts (60) were 
s tu d ied  over th e  range pH 2 -4  and th e  phosphyl m ig ra tio n  a t  pH 
8-9 (F ig u res  1 and 2? pages l82  and l83  r e s p e c t iv e ly ) .  In  one 
case? th a t  o f  e th y l a -h y d ro x y im in o -p -n itro b en zy l methylphospho­
n a te  (60; R K OEt? R’ w Me )? i t  was shown th a t  th e  observed 
r a te  c o n s ta n ts  f e l l  on a  smooth curve over th e  range pH 2-9 
(F igure 1? page 182). The in te n s i ty  o f  th e  yellow  co lo u r in  th e  
h y d ro ly sa te  grew w ith  in c re a s in g  pH? and t h i s  was tak en  to  in d ic a te  
th e  g radual change-over in  ro u te  from h y d ro ly s is  o f th e  e s t e r  
m oiety i n  a c id  s o lu t io n  pH 2-3*5) to  th e  fo rm atio n  o f  p - n i t r o -  
a n i l in e  i n  s o lu t io n s  w ith  pH >  7 »
In  o n ly  two oases? th a t  o f  th e  d ie th y l phosphate adduct 
(60; R » R* = 0 E t)  and th e  e th y l t-b u ty lp h o sp h o n a te  adduct (60;
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R = OEt? R « Bu^)? was th e  r a t e  o f  a lk a l in e  h y d ro ly s is  form ing 
p -n i t ro  a n i l in e  g r e a te r  th an  th e  r a t e  o f  h y d ro ly s is  o f  th e  allcyl 
e s t e r  m oiety- The observed r a t e  c o n s ta n ts  f o r  th e  d ie th y l  
phosphate adduct (60; R = R* = GEt) th u s  ro se  a t  pH >3? r a th e r  
th an  f a l l i n g  a s  f o r  th e  o th e r  adducts (6 0 ).
The obser^/ed r a t e  c o n s ta n ts  f e l l  as th e  pH was in c re a se d  
above 3 (F ig u res  1 and 2? pages 102 and l83  ) .  The Radiom eter 
t i t r a t i o n  curve showed a  v e ry  ra p id  i n i t i a l  uptalce o f  a lk a l i?  
fo llow ed by th e  u su a l f i r s t - o r d e r  h y d ro ly s is . The ad justm en t o f 
th e  pH o f  an a lk a l in e  s o lu t io n  o f  th e  e th y l m ethylphosphonate 
adduct (60; R = EtO? R* « Me) to  an ac id  s o lu t io n  r e s u l te d  in  th e  
u su a l a c id  h y d ro ly s is  o f  th e  e s te r  to  y ie ld  e th an o l w ith  a  r a te  
co n s tan t o f  k^? 0*68 min."*^ a t  pH 3 and 25*0^.
I t  i s  to  be concluded th a t  th e  i n i t i a l  ra p id  up take  o f
a lk a li?  to g e th e r  w ith  the  stead y  decrease  in  observed r a te  con­
s ta n t  w ith  in c re a s in g  pH? was due to  th e  r e v e r s ib le  io n iz a t io n  o f  
th e  NOH m oiety? th u s  red u c in g  th e  c o n c e n tra tio n  o f  th e  p ro to n a ted  
sp e c ie s . T h is occurred  a t  a  much low er pH th an  would be expected
fo r  th e  r e la te d  p^-nitrobenzaldoxim e? which has a  pk o f  10. Thus,a
th e  phosphyl s u b s t i tu e n t  must have a  la rg e  p e r tu rb in g  e f f e c t  on 
the  a c id i ty  o f  th e  oxime. T h is i s  v e r i f ie d  by th e  measured pk
o f  4*^5 f o r  th e  d ie th y lp h o sp h in a te  adduct (60; R* « R « E t) in
3 * 55^  e th a n o l/d io x a n -w a te r .
l8 l
H y d ro lysis  In  Aoid S o lu tio n
Values o f  th e  r a t e  c o n s ta n ts  a re  summarised in  Table 24 
(page 160) and in  F ig u res  1 and 2 (pages 182 and l8 3 ) .
The d ia lk y lp h o sp h in a te  adduots ( 60) were s ta b le  in  a c id  
s o lu t io n . No change was d e te c te d  by th e  Radiom eter assem bly 
d u ring  one h o u r. The a lk y l a lk y l phosphonate adduots (60; R = 
alkoxy) and th e  d ie th y l  phosphate adduct (60; R = R^  = OEt) were 
liydrolysed to  y ie ld  an a lcoho l?  ROE? and a  s o l id  ac id  d e r iv a t iv e
(61) .  The k in e t ic s  o f  h y d ro ly s is  obeyed th e  f i r s t - o r d e r  r a t e  
eq u a tio n . The hy d ro ly ses  were performed w ith  a  la rg e  excess o f  
water? c o n d itio n s  under which a  b im o lecu lar r e a c t io n  in v o lv in g  
w ate r would g ive  r i s e  to  pseudo-unim oleoular k in e t ic s .
R '^  ^O C (A r) = NOH HO^ '^O C (A r) => NOH
(60) (61)
The most rem arkable f e a tu re  o f  th e  h y d ro ly ses  i s  th e  la rg e
enhancement o f  r a t e  compared w ith  a sim ple phosphonate? e th y l
5Ûp -n itro p h en y l m ethylphosphonate. I t  i s  w ell e s ta b lis h e d  th a t  
sim ple phosphonates hydro lyse  w ith  phosphorus-oxygen f i s s io n  in  
a lk a l in e  so lu tio n ?  and w ith  carbon-oxygen f i s s io n  in  a c id  s o lu t io n .
Hudson and Keay^^ have rep o rted  th e  b im o lecu la r  r a te
i ï ^  ".•'-P7. W - :
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co n s tan t f o r  th e  a o id -c a ta ly s e d  h y d ro ly s is  o f  e th y l p -n itro p h e n y l
m ethylphosphonate to  g ive  e th an o l as 0*055 l*mole*~^min-*"^ a t  110^, 
170Maynard has g iv en  the  r e la t io n s h ip  between th e  r a te  c o e f f ic ie n t  
and a b so lu te  tem pera tu re  f o r  th e  h y d ro ly s is  o f  th e  e th y l m ethyl­
phosphonate adduct (60; R = OEt5 R’ -  Me) a s :  
log^gk^ = -3*247 X + 10*378.
At pH 23 th e  r a t e  enhancement o f  th e  adduct h y d ro ly s is  o ver th a t  o f
7th e  sim ple phosphonate i s  about 2 x 1 0 '.  I t  i s  im portan t to  p o in t 
ou t th a t  i n  th e  form er, h y d ro ly s is  occurs a t  th e  phosphorus c e n tre  
and f o r  th e  l a t t e r ,  w ith  carbon-oxygen f i s s io n .
The r a t e  enhancement s tro n g ly  su g g ests  an in tra m o le c u la r  
a c c e le r a t io n  in v o lv in g  ne ighbouring  group p a r t i c ip a t io n  by th e  f u l l y  
p ro to n a ted  oxim e. T his i s  confirm ed by th e  la c k  o f  h y d ro ly s is
d u rin g  seven h a l f - l i f e  tim es ( h a l f - l i f e  tim e f o r  th e  h y d ro ly s is  o f  
th e  non-m ethylated  compound) o f  neopenty l cu-m ethoxyim ino-p-nitro- 
benzyl m ethylphosphonate, Hu^ » »MeP(O) *00 (Ar) « HCMe, where th e  
oxime m oiety  was m e th y la ted .
The observed constancy  o f  the  r a te  in  th e  range pH 2 -3 “5 
(F igure 1 , page 182 ) su g g e s ts  in tra m o le c u la r  c a ta ly s i s  in v o lv in g  
th e  p ro to n a te d  form o f  th e  oxime ( i . e . ,  =* HOH r a th e r  th an  « HO o r
4*’) <
There a re  two p o s s ib le  t r a n s i t i o n  s ta te s  in v o lv in g  p ro to n a tio n  by
HOHg ) , and th a t  f u r th e r  p ro to n a tio n  o f  ( 60) i s  not necessary-
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th e  oxime fu n c tio n , (62 ) and (6 3 ). P ro to n a tio n  on the  phosphoryl 
R
R' OmihiiHO. R' ,Omn!HO.
q X q  ^ 0 — c f l r )
(62) (63)
oxygen (63) can be d isco u n ted  a s  i t  m ight be a n t ic ip a te d  th a t  th e  
b e t t e r  le a v in g  group would be e lim in a ted  to  y ie ld  a  hydroxamic 
ac id  (o f .  h y d ro ly s is  in  th e  a lk a l in e  re g io n , where a t ta c k  by th e  
oxim ate an ion  causes e l im in a tio n  o f  th e  hydroxamic ac id  sp e c ie s , 
r a th e r  th an  th e  a lk o x y l i o n ) . The lo s s  o f  th e  e s te r  m oiety  in  
a c id  s o lu t io n  th u s  in d ic a te s  p ro to n a tio n  o f  type  (6 2 ).
The p ro to n a ted  sp e c ie s  ( 62) can decompose by: (a) unim olecu-
l a r  lo s s  o f  th e  e s te r  m o ie ty ; (b) b im o lecu la r r e a c t io n  a t  phospho­
ru s  w ith  w a te r; (c )  b im o lec u la r  r e a c t io n  w ith  w ate r a t  th e  carbon 
atom o f  th e  e s t e r  m oiety ; o r  (d) th e  fo rm atio n  o f  a  c y c lic  
in te rm e d ia te  (64) which would be expected to  be r e a d i ly  h y d ro ly sed ^^  
(Scheme 11 ) .  A ll o f  th e se  mechanisms a re  in  accord w ith  th e  
observed f i r s t - o r d e r  o r  pseudo f i r s t - o r d e r  k in e t ic s .
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PUIIIIMH
E' /  /  E ' ,0 •M + ROH
0  C(Ar) j (64)
w aterI
H 0*R'R(0)*00(A r)= NOH
Scheme 11
The experim enta l evidence to  he o u tlin e d  in  th e  fo llo w in g  
pages i s  i n  accord  w ith  ro u te  (b) above, a  b im o lecu la r d is p la c e ­
ment o f  th e  e s t e r  m oiety  a t  phosphorus, w ith  phosphorus-oxygen 
f i s s io n .
Thus, th e  q u a lita tiv e  t r a n s - e s t a r i f i c a t i o n  o f  th e  propyl
m ethylphosphonate adduct (60; R -  OPr, R' « Me) in to  th e  m ethyl
m ethylphosphonate adduct (60; R = (Me, R’ Me) by m ethanol i s
e x p lic a b le  on ly  by m ethano lic  a t ta c k  on phosphorus w ith
phosphorus-oxygen f i s s io n .  The anohim eric a s s is ta n c e  a v a i la b le
f o r  th e  h y d ro ly s is  i s  a ls o  m an ifested  in  t h i s  c a se , as t r a n s -
97e s t é r i f i c a t i o n s  a re  g e n e ra lly  very  slow .
I t  i s  w e ll e s ta b lis h e d  th a t  s u b s t i tu t io n s  a t  phosphorus a re  
s e n s i t iv e  to  s t e r i c  c r o w d i n g . T h e  h y d ro ly s is  o f  th e  
e th y l t - b u ty l  phosphonate adduct (60; R = OEt, R’ « Bu^) should  
be l i t t l e  changed i f  a t ta c k  by th e  n u c leo p h ile  occurs on th e
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carbon atom o f  the  e s t e r  m oie ty , s in ce  th e  s t e r i c  crowding i s  
removed from th e  r e a c t io n  s i t e ,  A h u n d red -fo ld  re d u c tio n  i n  r a t e  
was observed (Table 24? page l6 o )  and such a  d ec rease  can o n ly  be 
a s so c ia te d  w ith  s t e r i c  crowding a t  th e  r e a c t io n  c e n tre , i . e .  th e  
phosphorus atom. A r a t e  d ec rease  would on ly  be expected f o r  a  
b im o lecu la r r e a c t io n .  The un im o lecu lar mechanism f o r  th e  lo s s  o f  
th e  e s t e r  m oiety  can now be d isc a rd ed , s in c e  i t  would be expected  
to  be l i t t l e  in f lu en c ed  by s t e r i c  crow ding.
The slow er r a te  o f  h y d ro ly s is  o f  th e  e tliy l t-b u ty lp h o sp h o n a te  
adduct (60; R « OEt, R* « Bu^) p o in ts  to  th e  absence o f  a  c y c lic  
in te rm ed ia te  (64) .  The a lk y l  m ethylphosphonate adduots (60;
R » a lkoxy , R* » Me) have d i f f e r e n t  r a te s  o f  h y d ro ly s is  (F ig u re  1, 
page 182) so in  th e  event o f  in tra m o le c u la r  a t ta c k  by th e  oxime, 
where a  common in te rm e d ia te  i s  formed, th e  rin g -fo rm in g  s te p  must 
be r a t  e-d  e t  e im in in g , The h y d ro ly s is  o f  th e  e th y l t - b u ty l  phospho­
n a te  adduct (60; R == OEt, R* -  Bu^) i s  s t e r i o a l l y  h indered  by a  
f a c to r  o f  100, b u t th e  r a te  o f  a lk a l in e  rearrangem ent to  y ie ld  
p - n i t r o a n i l in e  i s  th a t  (F ig u re  2, page l8 3 ) o f  th e  a lk y l m ethyl­
phosphonate adduots (60; R -  alkoxy, H’ = Me). I t  w i l l  be shov/n 
l a t e r  in  t h i s  D iscu ssio n  t h a t  th e  fo rm ation  o f  p - n i t r o a n i l in e  
a r i s e s  from th e  i n i t i a l  in tra m o le c u la r  a t ta c k  on phosphorus by th e  
dep ro tona ted  oxime m oie ty .
188
Any fo rm atio n  o f  th e  c y c lic  in te rm e d ia te  (64) has been 
deduced to  be th e  ra te -d e te rm in in g  s tep  in  th e  a c id  h y d ro ly s is  o f  
th e  ad d u o ts , There i s  no h indrance  in  form ing th e  five-mem bered 
in te rm e d ia te  p o s tu la te d  fo r  th e  re a c t io n  seq^uence in  th e  a lk a l in e  
re g io n  (F ig u re  2 , page 183)« Since th e  a c id  h y d ro ly s is  o f  th e  
e th y l t-b u ty lp h o sp h o n a te  adduct (60; R = OEt? R’ -  Bu^) i s  slow er 
(x 10"' )p th e  fo  m a t  io n  o f  th e  c y c lic  in te m e d ia te  (64) i s  incom­
p a t ib le  w ith  th e  experim en ta l re s u lts *
In  th e  s e r ie s  o f  a lk y l m ethylphosphonate adduots (60;
R = alkoxy$ R' = Me)g th e  r a t e  co n s tan ts  f a l l  i n  th e  o rd e r  Me > Et 
> P r > Pr^ > ButoHg > Bu^OBMe (F igure 1? page 1 8 2 ). This o rd e r  . 
p a r a l l e l s  th a t  o f  th e  a lk a l in e  h y d ro ly s is  o f  sim ple phosphonates? 
where phosphorus-o%ygen f i s s io n  i s  e s ta b lish e d ^  and i s  c o n tra ry  to  
th e  known o rd e r  o f  r e a c t iv i t y  o f  sim ple phosphonates in  a c id  
s o lu t io n  o f  Pr^ > Me > ButoH^.
T his d if fe re n c e  in  th e  o rd e r  o f  r e a c t i v i t y  o f  th e  a llty l 
m ethylphosphonate adducts (60; R » alkoxyr, R* « Me) and th a t  o f  
sim ple phosphonates i n  a c id  s o lu t io n  i s  u n iq u e5 and p o in ts  to  a  
d if fe re n c e  in  th e  ro u te s  o f h y d ro ly s is  o f  th e  two types o f  compound. 
Carbon-oxygen f i s s io n  has been e s ta b lis h e d  in  ac id  h y d ro ly ses
o f  sim ple phosphonates and secondary a lk y l e s t e r  m o ie tie s  a re  l o s t
135v ia  a carbonium io n  mechanism » In  t h i s  connection? i t  i s
189
dem onstrated in  th e  p re se n t work th a t  th e  a c id  h y d ro ly s is  o f  e th y l 
p in ao o ly l m etlylpho sphonate a lso  proceeds w ith  th e  fo rm ation  o f  th e  
p in a c o ly l carbonium ion? which e lim in a te s  a  p ro to n  to  form th re e  
isom eric  o le f in s  (see  page 1 7 2 ).
P in a c o ly l a lco h o l was formed e x c lu s iv e ly  from the ac id  
h y d ro ly s is  o f  th e  p in a c o ly l m ethylphosphonate adduct (60;
R = OCIMe*Bu^? R* -  Me) and th is ?  to g e th e r  w ith  th e  o rd e r  o f  
r e a c t iv i t y  o f  th e  a lk y l m ethylphosphonate adduots (60; R alkoxy? 
R’ « Me) p a r a l le l in g  th a t  o f  th e  a lk a l in e  h y d ro ly s is  o f  sim ple 
phosphonates? s tro n g ly  su g g ests  th a t  phosphorus-oxygen r a th e r  th an  
carbon-oxygen f i s s io n  occurs du rin g  th e  a c id  h y d ro ly s is  o f  th e  
adduots ( 6 o ) .
The experim en ta l r e s u l t s  a re  thus com patib le  w ith  a  b im olecu- 
l a r  su b s titu tio n  o f w ater a t  th e  phosphorus atom? w ith  p ro to n a tio n  
o f th e  le a v in g  group by th e  oxime m oiety . Such a  b im o lecu la r 
re a c tio n  i s  com patib le w ith  th e  observed f i r s t - o r d e r  k in e tic s ?  s in c e  
th e  h y d ro ly ses  were perform ed u s in g  an excess o f  water? c o n d itio n s  
which would g ive  r i s e  to  pseudo-un im olecu lar k in e t ic s .  Examina­
t io n  o f  m o lecu la r models shows th a t  th e  le a v in g  group? th e  phospho­
ru s  atom? and th e  e n te r in g  w ater m olecule l i e  in  a s t r a ig h t  l in e ?  
and th a t  a t ta c k  on carbon  i s  s t e r i c a l l y  d i f f i c u l t .
The a lk y l m ethylphosphonate adduots (60; R « alkoxy? R^  = Me)
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e x h ib it  s l i g h t  maxima a t  about pH 3 in  th e  r a t e  c o e ff ic ie n t-p H  
p r o f i l e  (F igure  1? page 182)? b e fo re  th e  r a te  d ec reases  due to  
in c re a s in g  in tra m o le c u la r  a t ta c k  by th e  oxim ate m oie ty . G re a te r  
dependence i s  shovm by th e  e th y l e thy lphosphonate adduct (60;
R = OBt? R’ -  B t)? th e  e th y l phenyl pho sphonate adduct (60; R = OEt? 
R* = Ph)j and th e  m ethyl m ethylphosphonate adduct (60; R == QMe?
R' « Me) (F ig u re  2? page 103 } . The pseudo-unim olecular r a t e
R'' X)C(Ar) = NOH 
(60)
c o e f f ic ie n ts  o b ta in ed  f o r  th e se  th re e  adduots could  no t be f i t t e d  
to  any form o f  seco n d -o rd er k in e t i c s .  There i s  no apparen t reaso n  
why th e  m ethyl m ethylphosphonate adduct (60; R = QMe? R* « Me) 
should show such a  maximum compared w ith  th e  rem ainder o f  th e  a lk y l 
m ethylphosphonate adduots (60; R » alkoxy? R' -  Me).
The r a te s  o f  h y d ro ly s is  o f th e  a l l y l  a lky lphosphonate  adduots 
(60; R = alkoxj^) a re  in  accord  w ith  th e  known behav iou r o f  sim ple 
phosphonate e s t e r s .  In c re a s in g  a lk y la t io n  a t  th e  phosphorus c e n tre  
in  th e  adduots (60; R « OEt) causes th e  r a t e  to  decrease  (T able 32) 
owing to  s t e r i c  and in d u c tiv e  r e a s o n s . T h e  in c reased  r a t e  o f  
r e a c t io n  o f  th e  e th y l phenyl pho sphonate adduct (60; R = OEt?R* = Ph)
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compared w ith  th e  e th y l m ethylphosphonate adduct (60; H « OEt?
R* » Me) ag ree s  w ith  th e  f in d in g s  o f  C hris t o i  and Marty? who 
s tu d ied  th e  a lk a l in e  h y d ro ly s is  o f  dim ethyl a lk y l pho sphonate a .
In  th e  In tro d u c tio n  i t  was suggested  th a t  th e  in c reased  r a t e  o f 
re a c t io n  a r i s e s  from a  t r a n s i t i o n  s t a t e  w ith  re la x ed  s t e r i c  r e q u ire ­
ments due to  th e  p la n a r  r in g  compared w ith  sp^ h y b rid ise d  carbon 
s u b s t i tu te d  a t  phosphorus.
A rem arkable f a c t  i s  th e  way in  which th e  r e a c t iv i t y  range o f  
th e  s e r ie s  o f  allcyl m ethylphosphonate adduc ts  (60; R « alkoxy?
R» = Me) has been compressed (Table 32)? compared w ith  th e  s e r ie s
61o f  d ia lk y l  m ethylphosphonate e s te r s .  Hudson and Keay? and
R e la tiv e  Rate C onstan ts fo r  H ydrolyses o f  A lkyl 
g - hydro xy im ino-p - n i  t  rob enayl a lk y l  phosphonates 
m ' . P ( . Q l Q O ( ^  TO at  ïÆt g._l5
R* = Me
R CMe OEt OPr OPr' COmîe’Bu'*^— ci
R el. B ate 8? 71 45 14 10 1
R = O B t
R' Me E t Bu'*’
R e l. Rate 71 4% O.4
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C hris t o i  and M arty^^ re p o r te d  a much g r e a te r  r e a c t iv i t y  range? 
encompassing a  f a c to r  o f  1800? f o r  th e  a lk a l in e  h y d ro ly s is  o f  
d ineopen ty l and dim ethyl m ethylphosphonates where com parable 
phosphoru8-oxygen f i s s io n  o c c u rs . The dec rease  in  r e a c t iv i t y  w ith  
in c re a s in g  a lk y l  s u b s t i tu t io n  in  th e  e s t e r  m oiety  has been sugges­
te d  to  a r i s e  from th e  reduced e l e c t r o p h i l i c i ty  o f  phosphorus due 
to  th e  g r e a te r  ease o f  7f‘ in te r a c t io n s  from oxygen by th e  in d u c tiv e
e f f e c t  o f  th e  e s t e r  a lk y l g r o u p ? a n d  in c re a se d  s t e r i c  
1 . 6I 063h in d ra n c e . ^
In  th e  p re se n t work? th e re  i s  an a l t e r n a t iv e  e le c tro n  sink? 
th a t  o f  th e  p ro to n  d eriv ed  from th e  oxime m o ie ty . T his in te r a c ­
t io n  between th e  p ro to n  and th e  oxygen atom o f  th e  e s te r  m oiety  
could allow  p ro to n  to  re c e iv e  p a r t  o f  th e  Tf in te ra c t io n ?  which 
would norm ally  p a r t i c ip a te  w ith  th e  phosphorus atom. Thus? th e  
decrease  in  ra te ? o v e r  a  s h o r te r  range? o f  th e  s e r ie s  o f  a lk y l 
m ethylphosphonate adducts  (60; R « alkoxy? R' « Me) could  th en  
p r in c ip a l ly  a r i s e  from th e  e f f e c t s  o f  s t e r i c  h indrance o f  th e  e s t e r  
m oiety on].y.
T his p ro p o sa l i s  s tren g th en ed  by th e  d im in u tio n  in  th e  r a te  
o f  ac id  h y d ro ly s is  o f  th e  adduots (60; R = alkoxy) caused by 
in c re a s in g  all<yl s u b s t i tu t io n  a t  th e  phosphorus atom (Table 3 2 ).
The r a t io  o f  k^^/lCg^-k « 180 i s  more n e a r ly  th a t  observed f o r  th e
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a lk a l in e  h y d ro ly s is  o f  d iiso p ro p y l a lk y l phosphonates o f
k ^^ /k ^ .|j « 500, In  t h i s  case  th e  phosphorus atom in  th e  adduots 
(60) re c e iv e s  in  f u l l  th e  s t e r i c  and e le c t ro n ic  e f f e c t s  a s so c ia te d  
w ith  th e  a lk y l  groups? because p ro to n a tio n  o f  th e  e s te r  m oiety  can 
have l i t t l e  in f lu e n c e  on e f f e c t s  tra n sm itte d  d i r e c t ly  to  phosphorus.
The d ie th y l  phosphate adduct (60; R « R* » OEt) and th e  
e th y l t - b u ty l  pho sphonate adduct (60; R « OEt? R’ = Bu^) a re  two 
cases  where th e  normal a c id  liy d ro ly s is  i s  com plicated  by th e  much 
g r e a te r  r a t e  o f  th e  a lk a l in e  liy d ro ly s is . The e th y l t-b u ty lp h o s ­
phonate adduct (60; R » OEt? R* » Bu^) hydro lysed  by bo th  ro u te s  
a t  pH 2*50 to  g ive  bo th  e th an o l and £ - n i t r o a n i l in e .  In  s p i t e  o f  
th e re  being  on ly  a  low c o n c e n tra tio n  o f  th e  anion? th e  r a t e  o f  
a lk a l in e  h y d ro ly s is  i s  s u f f i c ie n t  to  produce a  m easurable q u a n ti ty  
o f  p - n i t r o a n i l in e .  The r a t e  c o e ff ic ie n t-p H  p r o f i l e  in c re a se d  w ith  
in c re a s in g  pH f o r  th e  d ie th y l  phospliate adduct (60; R « R* « OEt) 
a t  25° due to  th e  very  ra p id  r e a c t io n  in  th e  a lk a l in e  re g io n
( h a l f - l i f e  a t  pH 8*^0? 0*75 m in u te s) .
The a c id  h y d ro ly s is  o f  th e  d ie th y l phosphate adduct i s  
s im ila r  to  th a t  o f  d ie th y l  p;-carboxyphenyl pho sphonate? i n  th a t  th e  
second e s t e r  m oiety i s  l o s t  a t  a  much slow er r a t e  th an  th e  f i r s t .
However? B lackburn and Brown have dem onstrated  th a t  n u c le o p h il ic
c a ta ly s i s  by th e  carboxy l group occurs in  th e  o ,-carboxylic  e s t e r
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r a th e r  th an  d i r e c t  b im o lec u la r  s u b s t i tu t io n  by w a te r.
^ 0   P(0)Me\ .h ' /  ^O C (A r) » NOH HiMMuniOPr"^
(60) (65)
A number o f  a o id -c a ta ly se d  hy d ro ly ses  o f  phosphorus e s t e r s
were d isc u sse d  in  th e  In tro d u c tio n . The h y d ro ly s is  o f  iso p ro p y l
3 - n i t ro-2-hydroxyphenyl m ethylphosphonate ( 65 )' i s  o f  g r e a te s t
88re lev an ce  to  th e  p re se n t work. M lodozeniec found a  s im ila r  
pH -rate  p r o f i l e  in  th e  range pH 2-7? b u t th e  f a l l - o f f  in  r a t e  began 
a t  pH 4*5? in  accordance w ith  th e  pIC^  o f  th e  phenol be ing  s l i g h t ly  
g r e a te r  (pK^ 5*55) th a n  th a t  o f  th e  a lk y l a lky lphosphonate  adduots 
(60; R « a lk o x y l)  w ith  pK^ about 4*6. The un im o leou la r r a t e  
co n s tan t f o r  lo s s  o f  iso p ro p an o l was slow er (x 10*” )^ th an  th e  
o x im e-a ss is ted  r e a c t io n .  He proposed th a t  th e  lo s s  o f  th e  
iso p ro p y l m oie ty  was i n t e r n a l ly  ac id  c a ta ly se d  and promoted w ith  
n u c le o p h il ic  a t ta c k  o f  w ate r on th e  n e u tra l  e s t e r  sp e c ie s .
M lodozeniec a lso  re p o r te d  th e  eiergy and en tropy  o f a c t iv a ­
t io n  as 13*9 K ca ls ./m o le  and -30  ou? r e s p e c t iv e ly .  These 
correspond v /e ll to  th e  v a lu e s  ob ta ined  by Maynard f o r  th e  a c id  
h y d ro ly s is  o f  th e  e th y l m ethylphosphonate adduct (60; R « OEt?
R* w Me) o f  14*9 K ca ls ./m o le  and -19 eu.
The h y d ro ly s is  o f  p -n itro p h en y l phenacyl m ethylphosphonate
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oxime (28) was shown to  hydro lyse  v ia  an oxim ate a n io n -c a ta ly se d  
w ater-m ediated  r e a c t io n .  I t  thus r e a c ts  by an  e n t i r e ly  d i f f e r e n t  





H ydro lysis in  A lk a lin e  S olutiong pH 6-9
The r a t e s  o f  r e a c t io n  (Table 25? page l62  ) f o r  th e  a lk y l  
alky lphosphonate  adduots (60 ; R = alkoxy) a re  alm ost c o n s ta n t over 
th e  pH range 6-9? f a l l i n g  on ly  v ery  s l i g h t ly  a t  pH 9* The r a t e s  
a re  a lso  v ery  s im ila r  to  one another? th e re  b e in g  only  a f a c to r  o f  
2*5 between th e  f a s t e s t  and th e  slow est (F ig u res  1 and 2? pages 
182 and l83  ) .
At pH 8-9? th e  form o f  th e  k in e t ic s  fo llow ed a ra p id  d ep ro to ­
n a tio n  o f  th e  oxime m oiety  w ith  a  slow er f i r s t - o r d e r  decom position 
to  y ie ld  th e  phosphorus ac id  an ion  and p - n i t r o a n i l in e .
p -N itro p h en y l cyclohexy l u re a  was o b ta in ed  from th e  decom­
p o s it io n  o f  th e  p ropyl m ethylphosphonate adduct (60; R » OPr?
R* -  Me) in  oyclohexylam ine§ and th is ?  to g e th e r  w ith  th e  q u a n ta tiv e  
fo rm ation  o f  p - n i t r o  a n i l in e  i n  th e  hydro lyses? in d ic a te s  th e
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in te m ed iac j^  o f  p - n i t r o  phenyl iso c y an a te . No p in a c o ly l a lco h o l 
was d e te c te d  in  th e  h y d ro ly s is  o f  th e  p in a c o ly l m ethylphosphonate 
adduct (60; R « OGHMe*Bu^? R* « Me). There was no r e a c t io n  to  
form p -n i t ro  a n i l in e  in  th e  m ethy la ted  oxime adduct derived  from th e  
neopen ty l m etly lphosphonate adduct (60; R =» OCH^.Bu^? R’ « Me)? 
where no oxim ate an ion  could  he formed.
p -N itropheny l iso c y an a te  i s  considered  to  a r i s e  by i n i t i a l  
a t ta c k  o f  th e  oxime anion? formed by dep ro tona tion?  on th e  phospho­
ru s  atom to  y ie ld  a  five-mem bered r in g  in te rm e d ia te  (Scheme 1 2 ) .
ArC(= N0H)0. yQ
RO
ArCO-N <-------- A rC O -H -0P (0)R '.O R
i "
ArWOO AcNHg + GOg
Scheme 12
A fte r  ru p tu re  o f  th e  phosphorus-benzyloxygen bond? th e re  rem ains a  
phosphor^riated benzhydroxam ate which r a p id ly  lo s e s  th e  phosphorus 
ac id  an io n  (phosphorus a c id  an ions a re  good le a v in g  groups) to  
c r e a te  an e le c t ro n - d e f ic ie n t  n itro g e n  atom. T his d e f ic ie n c y  i s  
th e n  s a t i s f i e d  by m ig ra tio n  o f  th e  p -n i t  ro  phenyl group to  y ie ld  th e  
iso cy an a te  v ia  a  L essen rearran g em en t. Under th e  co n d itio n s  o f
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th e  h y d ro ly s is?  a t ta c k  o f  w ate r on th e  iso c y an a te  to  y ie ld  p - n i t r o -  
a n i l in e  i s  in s ta n ta n e o u s . Such a mechanism i s  c o n s is te n t  w ith  th e  
obse3r/ed f i r s t - o r d e r  k in e t i c s .
The in tra m o le c u la r  a t ta c k  o f  oxim ate an io n  has p re v io u s ly
169been p o s tu la te d  by A lexandrou and N ico la id es  to  account f o r  th e  
fo rm ation  o f  a r y l  benzam ides from th e  adduots o f  b e n z o n i t r i le  oxide 
and th e  sodium s a l t s  o f  ca rb o x y lic  a c id s  (page 175)* S im ila r  
breakdown o f  phosphonylated oximes and hydrox^mic a c id s  ( to  g iv e  
iso c y a n a te s )  was tra c e d  in  th e  In tro d u c tio n . In  p a r t ic u la r?
Samuel and S i lv e r  ‘ confirm ed th a t  th e  a t ta c k  o f  a  hydroxamic a c id  
on d iiso p ro p y l p h o sp h o ro flu o rid a te  was ra te -d e te rm in in g . The 
phosphory la ted  hydroxamate subsequen tly  spon taneously  decomposed to  
y ie ld  th e  a c id  an ion  r a th e r  th an  by n u c le o p h il ic  d isp lacem ent w ith  
w ate r.
98W estheimer has r a t io n a l i s e d  th e  unique? rap id  h y d ro ly s is  
o f  five-mem bered c y c lic  phosphorus e a te r s  in  term s o f  the  
p se u d o -ro ta tio n  o f  p en taco v a len t in te rm e d ia te s . Subsequently  to  
Westheimer* s r e v i e w ? a  number o f  workers (page m )  re p o r te d  
mcchonisna in v o lv in g  th e  in tra-m o  1 ocud.ar fo rm atio n  o f  f iv e -c o o rd i­
n a te  in te rm ed ia te s?  which th e n  underwent p seu d o -ro ta tio n ?  to  account
1 T T 1 ^ 1 1 30f o r  th e  r a t e  o f  r e a c t io n  and th e  p ro d u c ts  observed . ^
The a lk a l in e  h y d ro ly ses  o f  th e  a lk y l a-hydroxj^im ino-p-
1 9 8
-t-nitrobenzyl alkylphosphyls (60) is also postulated to proceed via 
a five-coordinate intermediate to account for both the rate of 
reaction and the difference in the rates of reaction between the 
diethyl phosphate adduct (60; R « R* « OEt) and the diethyl pho s- 
phinate adduct (60; R « R* « Et).
The conditions and constraints for pseudo-rotation were 
discussed in the Introduction. In the present work? initial rapid 
deprotonation of the oxime moiety is assumed to be followed by 
apical attack on phosphorus to form a pentacoordinate intermediate 
(Scheme 13).
The initially-formed pentacovalent intermediate (66) is 
formed with an alkoxyl group in the apical position and an alkyl 
group in an equatorial position? in accordance with the stated 
preference r u l e s . I t  is necessary for the initial form to 
undergo pseudo-rotation? so as to allow the benzyl-oxygen bond to 
break from the (preferred) apical position.
The pseudo-rotated form (6 9) is expected to be energetically 
unfavourable? since it requires the ring angle at phosphorus to be 
expanded to 120^. The forms (6 7) and (68) possess the five-membered 
ring lying in the energetically favourable apical-equatorial 
position and the leaving group in the required apical position. 
However? (68) is rejected on the basis of Frank and Usher*s
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Scheme 13« Formation of Penta- coordinate Intermediates in the Alkaline 
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requirement that the phosphoryl group remain in an equatorial position
in the pseudo-rotated forms^ for the two available pathways of the
reaction of dimethyl phosphoroaoetoin and its related methyl
methyl pho sphonoao etoin. Boyd has confirmed by molecular
orbital calculations on 2-oxo-2-metho%y-ly 3,2-dio%aphospholan the
general higher energies of pentacovalent structures with apioolly
directed phosphoryl bonds.
Thusp the pseudo-rotated form (6 7) is the one that is most
118likely to be formed if the preference rules are obeyed. The
pentacoordinate intermediate (6 7) will be more readily formed from
the diethyl phosphate adduct (60; R « R* « OEt) than from either
the ethyl ethyl pho sphonate adduct (60; R » OEt? R* » St) or the
diethylphosphinate adduct (60; R ** R* « Et)? because the apical
132group R* is alkoxyl rather than alkyl. It has been shown that 
the formation of the pentacoordinate intermediate in which one of 
the apical groups is alkyl? is inhibited (see page 114)-
The rates of formation of p-nitro aniline parallel the ease of 
formation of the pseudo-rotated form (6 7)? which is greatest for 
the dietliyl phosphate adduct (60; R » R* « OEt). The relative 
rates are summariseds
Adduct Rel, Rate
Diethyl phosphate (60; RwR*»OEt) I40Ethyl ethylphosphonate (60; R= OEt? R«Et) 10Diethylphosphinate (60; Rs*R*«Et) 1
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The formation of the initial pentacoordinate intermediate 
(66; R «a R* w Et) is inhibited for the diethylphosphinate adduct 
(60; R « R* a Et) because of the apical ethyl group? whereas for 
the other two adduots the initial apical group is (preferred) 
ethoxyl.
The rates of reaction of the oyclophosphinate adduots are 
more rapid (Table 33) than the acyclic diethylphosphinate adduct 
(60; R a R* « Et) due to the relief of strain in foming the 
initial trigonal bipyramid (66), The rates of rearrangement for 
the cyclic five-membered adduots (Table 33) are intermediate between
Rates of Alkaline Hydrolysis of the Cyclic Hiosphinate 
Adduots ,(60) relative to 
Of»Hydroxylmino-p-nitrobenzyl diethylphosphinate
Mduct* M e C ^ O g X  ( Q p O g Xn > POgX
Meg
R el. Rate 8*5 6*1 2*2 4*5
''^ X « -C(Ar) « M
that of the acyclic diethylphosphinate adduct (60; R « R' » Et) 
and the cyclic four-membered ring adduots (Table 33). This
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probably reflects the reduced strain inherent in a five-membered 
ring when compared with a four-membered ring.
The order of reactivity observed for the cyclo-phosphinate 
adduots (Table 33) parallels the behaviour of the simple cyclic 
phosphinate esters (page 110). Five-membered cyclic phosphinate 
esters show a slight acceleration of hydrolysis in alkaline 
solution? but strained five-membered rings (at a bridge-head) or 
fourwnembered rings are still more reactive.
It is noteworthy how similar the rates of alkaline hydrolysis 
of the alkyl alkylphosphonate adduots (60; R« alkoxy) are to one 
another (Figures 1 and 2? pages 182 and 183 respectively). In 
particular? steric factors appear to have little influence on the 
reaction rate. The ethyl t-butylphosphonate adduct (60; R= OEt?
R* wBu^) hydrolyses at almost the same rate as the ethyl methyl phos­
phonate adduct (60; R « OEt ? R^«Me). This is to be compared with 
the acid hydrolysis of the two adduots? in which the former reacts 
more slowly (x 10"^) than the latter. This is similar to the 
behaviour observed in the alkaline hydrolysis of the simple
diisopropyl methyl- and diisopropyl t-butyl-? phosphonates where
6lstrong steric hindrance causes a large rate decrease.
The lack of a steric hindrance in the alkaline hydrolysis 
(Table 33) of the adduots (60) is again clearly shown in the two
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fouTHoaembered ring phosphinate adduots (7 0) and ( 7 1 ) .  Trippett 
observed a rate difference between the two cyclio esters (43) and 
(4 4) of about 4 3C 10^ and explained the slower rate of hydrolysis 
of the more highly substituted ester (43) by its increased steric
Me






(4 3) (4 4)
hindrance to the attacking nucleophile* However? there is little 
difference between the rates of the two four-membered cyclic 
phosphinate adduots? (7 0) and (7 1) (fable 33), and in fact the 
more highly substituted ring phosphinate adduct (7 0) is the more 
reactive? contrary to the observed reactivity of (43) and (44)- 
To investigate further the reactivity in the alkaline 
rearrangement? activation parameters (Table 28? page I68 ) were 
determined for a number of the adduots (6O),
The values of the activation energies are generally quite
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similar to one another* However? they are higher than those
values normally associated with nucleophilic attack at phosphorus * 
171Cox and Ramsay list in their reveiw activation energies for the 
alkaline hydrolyses of phosphates? phosphonates? and phospliyl 
chlorides? in different solvents. Their values lie in the range 
8-16 Kcals./mole.
There appears to be a trend such that the activation energy 
is greatest for substituents which are capable of increasing the 
electronic charge at phosphorus? either inductively (60; R= OBt?
R* =*Bu^) or mesomerically (60; R«R* «OEt)* The activation energy 
also increases with increasing alkyl substitution in the ester 
moiety. Similar trends have been reported in the literature for 
the hydrolyses of other phosphorus compounds (pages 70- 73) * This 
lends support to the proposed attack of the oximate anion on the 
phosphorus centre in the initial formation of the cyclic inter­
mediate .
It is interesting to speculate on why the value of the 
activation energy should be as high as 19-22 Kcals./mole. It is 
tempting to ascribe this to the formation of the pentacoordinate 
intermediate where the stability of the phosphoryl group is lost*
The value of the entropy of activation is a measure of the 
order of the transition state of the substrate and the surrounding
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solvating medium. It is difficult to account for small entropy 
effects? although there are a few generalisations that may he 
made.^'^^ Reactions in which the total number of molecules 
decreases are usually attended by a negative entropy of activation. 
Similarly? if a cyclic transition state is formed from non-cyolic 
products? a negative entropy of activation is to be expected since 
free rotation about the bonds becomes restricted during the cyolisa/- 
tion. A low entropy of activation may also reflect a crowded 
transition state in which freedom of motion of the substituents is 
unduly hindered. Conversely? a unimolecular dissociation reaction 
is likely to have a positive entropy of activation? since there is 
greater randomness of the product system.
The v a lu e s  o f  th e  a c t iv a t io n  e n tro p ie s  (Table 28? page 1^8 ) 
show th a t  th e re  i s  an in c re a s e  i n  th e  o rd e r  o f  th e  t r a n s i t i o n  s t a t e  
which can be a s s o c ia te d  w ith  th e  proposed c y c lic  t r a n s i t i o n  s t a t e  
(Scheme 13? page 199) .  The oxim ate m oiety  would be expected no t 
to  show a  g re a t  lo s s  in  i t s  degrees o f  freedom in  form ing th e  
t r a n s i t io n  s ta te ?  s in c e  th e  c o n f ig u ra tio n  o f  th e  C « H bond h o ld s 
th e  an ion  in  a  p o s i t io n  th a t  i s  favou rab le  f o r  a t ta c k  in  a  f iv e
-membered transition state leading to the intemediate.
Some relief of steric strain is to be expected in the format
tion of the penta-covalent intermediate because the local geometry
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at the phosphorus atom is relaxed from its tetrahedral configuration. 
It is known that the apical bonds lengthen significantly and some 
relief of strain may be possible. Tliis should be most marked in 
the ethyl t-butylphosphonate adduct (60; R « OEt ? R^k Bu^)? where 
the bulky t-butyl group is able to move away from the phosphorus 
atom and reduce the interaction. Support for this proposal comes 
from the higher A  value of + 0*5 eu compared with the ethyl 
ethyl pho sphonate adduct (60; R= OEt? R* «Et)? where the value is 
- 11'4 eu.
The A  values for the two cyclic four-membered phosphinic 
acid adduots (?0) and (?l) are lower than that of the diethylphos­
phinate adduct (60; R= R^  = Et ) and this may again be due to the 
relief of strain as the apical bond lengthens (Table 28? page l68). 
Although there is only a small difference between the activation 
entropies for the two adducts? the lower value for the more highly 
substituted adduct (7 0) could reflect the steric interaction 
between the methyl groups attached to the carbon atom lying in the 
equatorial plane and the remainder of the pentacoordinate 
intermediate.
It is difficult to account for the high positive value of the 
entropy of activation for the diethyl phosphate adduct (60; R=R* « 
OEt ). A contributory factor to the value of A  8^ compared with
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the allqrl alkylphosphonate adduots (60; R« alkoxy) is that in the 
diethyl phosphate adduct (60; R= R* = OEt) there are two ethoxy 
groups at which the initial backside attack may occur? whereas for 
the alkyl alkylphosphonate adduots there is only one ethoxyl group. 
Thus? there are more restrictions on the intramolecular attack in 
the alkyl alkylphosphonate adduots? which is reflected in a lower 
value of A  S .
ïïp to now the role of the solvating medium has been neglected
In the Introduction it was noted that the entropy of activation
generally decreased for phosphorus esters in the order of phosphi-
nates? phosphonates? and phosphates. The decrease has been
ascribed to the reduced need of solvation by alkoxyl substituted 
6^ 5compounds. The negative charge is partially stabilised in the 
transition state by the oxygen atoms of the alkoxyl substituents.
A similar effect could account for the higher reactivity of the 
alkyl alkylphosphonate adduots (60; R« alkoxy) compared with the 
di alkyl pho sphinate adduots (60 ) and also for the still greater 
reactivity of the diethyl phosphate adduct (60; R« R* « OEt).
This proposal is supported by the values of A (Table 28? page 
l68), which decrease generally in the order dialkylphosphinate 
adduots (60)? alkyl alkylphosphonate adduots (60; R= alkoxy) and 
diethyl phosphate adduct (60; R=R*»0Et).
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The g r e a te r  r e a c t i v i t y  (Table 25? page 162 ) o f  th e  e th y l 
phenyl pho sphonate adduct (60; R = OEt ? R* « Ph) when compared w ith  
th e  m ethyl m ethylphosphonate adduct (60; R«OMe? R«Me) i s  unex­
p ec ted . The phenyl group has a  7T charge cloud  a s so c ia te d  w ith  
i t  and i s  th u s  more e le c tro n e g a tiv e  th an  an  a lk y l group. I t  
m ight th e n  be expected  to  p o ssess  some o f  th e  c h a r a c te r i s t i c s  o f  
an a lkoxy l group f o r  th e  purposes o f  p se u d o -ro ta tio n . Thus? th e  
fo rm ation  o f  th e  p se u d o -ro ta ted  form (67) should be l e s s  in h ib i te d  
th an  th e  co rrespond ing  a lk y l  alky lphosphonate adduct (60; R« alkoxy)? 
w ith  a  consequent in c re a se  in  th e  r a t e  o f  r e a c t io n  to  between th a t  
o f  th e  d i e t i y l  phosphate adduct (60; R«R* = OEt) and th e  rem ainder
o f  th e  a lk y l a lky lphosphonate  adducts (60; R= alkoxyr).
173Gaudiano e t  a l .  have re c e n tly  re p o r te d  th e  fo rm atio n  o f  
l j 2?5-o x azap h o sp h (v )o l-2- in e s  (72) from 2-oxim ino-phosphonium  s a l t s
(73) .  The compounds (72) were ob ta ined  in  h ig h  y ie ld  by p e rc o la t­
ing  an e th a n o lio  s o lu t io n  o f  th e  phosphonium s a l t  ( 73) th rough  a 
b a s ic  io n  exchange r e s in .  The ease o f  fo rm a tio n  o f  th e  r in g  
compound ( 72) in  t h i s  case  su g g ests  th a t  th e  d ep ro tona ted  oxim ate 
an ion  i s  w e ll p o s itio n e d  in  th e  m olecule to  e a s i ly  com plete th e  
five-membered r in g .  By analogy? th e  d ep ro to n a ted  oxim ate an ion  i s  
eq u a lly  w e ll p o s itio n e d  fo r  th e  fo rm ation  o f  th e  i n i t i a l  pen tacoo r­
d in a te  in te rra e d ia te  (66 : Scheme 13? puge 199 ) in  th e  adduots (60)
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R-*^ G I'I -S" a c id
( 72)
b ase
EC( = M0H)C-R' .R"°PR"'X
( 73)
d escrib ed  in  th e  p re se n t work.
L a lo r and S c o tt have re c e n tly  d esc rib ed  th e  co nversion  o f  
1? 2-naphthaquinone"l-oxim e-2-(0s, 0* -d ip h en y l )-phosphorohydrazone
(74) i ^  b o i l in g  d i lu te  aqueous potassium  carb o n a te  s o lu t io n  to  
lH - n a p h th o ^ ÿ l- d _ 7 ^ j2 j3 j7 t r ia z o le  (75) in  89^ y ie ld  (Scheme I 4 )* 
This in v o lv es  i n i t i a l  a t ta c k  by th e  oxim ate an ion  a t  phosphorus 
w ith  th e  subsequent ru p tu re  o f  th e  phosphorus-hydrazone bond. On 
th e  b a s is  o f  th e  p re s e n tly  a v a i la b le  evidence i t  i s  im p o ssib le  to  
decide w hether t h i s  i n i t i a l  s te p  proceeds synchronously  o r  v i a  a
°  vpo(OPh),







fx v e-o o o rd in a te  In te rm e d ia te . Howevery b o th  th e  work o f  Gaudi­
ano and t h a t  o f  th e  p re s e n t th e s i s  len d  support to  t h i s
174-re a c tio n  scheme suggested  by L a lo r and S c o tt .
C onclusions
The lability of the proton of the oxime moiety in the addition 
products of p-nitrobenzonitrile oxide and phosphorus acids, 
ER*P(0 )0C(p^H02C^H^) » ÎTOH, renders the adduots not particularly 
suitable as a means of reactivating "aged" acetyl cholinesterase.
The ro u te  o f  h y d ro ly s is  changes smoothly a f t e r  pH 3, due to  
in c re a s in g  d ep ro to n a iio n  o f  th e  oxime, to  an  in tra m o le c u la r  p ro cess  
whereby p - n i t r o a n i l in e  i s  formed r a th e r  th a n  d isp lacem ent o f  th e  
e s t e r  m o ie ty . The blood pH o f  th e  human body i s  7*4 and a t  t h i s  
pH most o f  th e  adduct e x i s t s  a s  th e  an ion , so th a t  ex c lu s iv e  
p - n i t r o a n i l in e  fo rm ation  o c c u rs . I f  the  adduots were to  be o f  u se  
in  th e  r e a c t iv a t io n  o f  "aged" a c e ty l  c h o l in e s te ra s e ,  th en  h y d ro ly s is  
o f  th e  e s t e r  m oiety  would be re q u ire d  a t  pH 7*4"
N ev e rth e le ss , th e  adduots e x h ib it  ex trem ely  ra p id , in tra m o le -  
c u la r ly  c a ta ly s e d  a c id  h y d ro ly s is  by w ate r a t  th e  phosphorus atom. 
îVen th e  p in a c o ly l e s t e r  m o ie ty , Bu •OHfÆeO-, which i s  known f o r  i t s  
ease o f carbonium io n  fo rm atio n , i s  d isp lac e d  as  th e  a lc o h o l in  
ac id  s o lu t io n . One r e s u l t  from th e  study  o f  th e  e f f e c t s  o f
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d i f f e r e n t  e s t e r  m o ie tie s  a t  phosphorus i s  th e  com pression o f  th e  
r e a c t iv i t y  range norm ally  a s so c ia te d  w ith  th e s e  s u b s t i tu e n ts .  I t  
i s  suggested  th a t  t h i s  e f f e c t  r e s u l t s  alm ost e n t i r e ly  from th e  
s t e r i c  in f lu e n c e s  o f th e  e s t e r  m o ie tie s .
C yclic  p en taco o rd in a te  in te rm e d ia te s  a re  p o s tu la te d  to  be 
fo m ed  in  th e  a lk a l in e  h y d ro ly s is  to  y ie ld  p - n i t r o a n i l in e . The 
r e s u l t s  o b ta in ed  in  th e  p re se n t work c o n tr ib u te  to  th e  growing 
body o f  experim en ta l ev idence  which supports  th e  fo rm ation  o f  such 
in te rm e d ia te s  in  th e  r e a c t io n s  o f  phosphorus compounds.
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The Hydrolysis of Ethyl Pinaoolyl Methylphosphonate
The a c id  h y d ro ly s is  o f  th e  e s t e r  proceeds w ith  oarhon-oxygen 
f i s s io n  to  y ie ld  hydrogen e th y l m ethylphosphonate and th r e e  o l e f i n s . 
I t  i s  co n s id ered  th a t  the  fo rm atio n  o f th e  rea rran g ed  o le f in s ,
2 ,3 -d im e th y lh u t- l-e n e  and 2 ,3 -d im e th y lb u t-2 -en e  in d ic a te s  th e  
in te rm ed iacy  o f  th e  p in a c o ly l carbonium io n , thuss





(Me^.OHsOHg CMOg s CMe^  + (Me^CMe s CH^
17^S k e ll and H eichenbaoher have confirm ed th a t  th e se  o le f in s  do 
a r i s e  from th e  p in a c o ly l c a t io n  and i t s  rea rran g ed  c a tio n  by anodic 
o x id a tio n  o f  p in a c o ly l c a rb o x y la te . They found th a t  th e  e x te n t o f
rearrangem ent was g r e a te r  below pH I 4 ? th e  r a t e  o f  m ethyl m ig ra tio n
•u • 1 n ^ l^  —1being  10 s e c .
The h ig h e r  r a te  o f  p ro d u c tio n  o f  th e se  o le f in s  from the  e s te r
when compared w ith  th a t  from p in ao o ly l a lco h o l i t s e l f  (about 25*1),
to g e th e r  w ith  th e  absence o f  p in a co ly l a lco h o l among th e  p ro d u cts
o f  an in te r ru p te d  h y d ro ly s is , i s  evidence f o r  th e  p in ao o ly l
carbonium io n  b e in g  y ie ld e d  by d i r e c t  carbon-oxygen f i s s io n  o f  th e
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e s te r  r a th e r  th a n  v ia  th e  in te rm ed iacy  o f  p in a o o ly l a lco h o l formed 
by phosphorus-oxygen f i s s io n .
W ithin  th e  ex p erim en ta l e r r o r ,  th e  r a t e s  o f  p ro d u c tio n  o f  th e  
o le f in s  and th e  ac id  p roduct a re  eq u a l. A lthough th e  r a te  con­
s ta n t  determ ined by ac id im e try  i s  3s* tim es th a t  determ ined by o le f in  
t i t r a t i o n ,  th e  same method a lso  shows th a t  th e  r a t e  o f d eh y d ra tio n  
o f  th e  a lco h o l i s  slow er th a n  e s t e r  h y d ro ly s is  by a t  l e a s t  a  f a c to r  
o f  8 . The l im i t in g  f a c to r  in  th e  accuracy  o f  th e  r e s u l t s  was th e  
v o l a t i l i t y  o f  th e  o le f in s .
I t  can now be regarded  th a t  th e  work o f  Cadogan,^^^ Keay,^^ 
and Hudson and Keay^^ i s  unequivocal p ro o f  th a t  a c y c lic  secondary 
a lk y l phosphonate e s te r s  undergo a c id ic  h y d ro ly s is  w ith  
oarbon-oxygen f i s s io n .
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